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Abstract 
Cyclic Voltammetry experiments have been conducted on copper, iron, and chalcopyrite 
(CuFeS2) and compared to mass-balanced EH-pH Diagrams. Potassium ethyl xanthate (KEX) 
was added to solution and additional voltammetry experiments were performed to determine the 
surface chemistry reactions of flotation collector in solution with these minerals. The ultimate 
goal of this research was to investigate the possibility of xanthate chemisorption onto the 
chalcopyrite mineral surface. Results of the copper mineral testing confirm previous literature 
studies and corroborate published isotherm data. Results of the iron mineral testing showed 
changes in surface reactions with the addition of potassium ethyl xanthate to solution, however, 
these results were not attributed to the chemisorption of xanthate. Results of the chalcopyrite 
mineral testing indicate that the surface of the mineral oxidizes to chalcocite (Cu2S). In the 
presence of ethyl xanthate, small currents were observed and attributed to chemisorption of the 
potassium ethyl xanthate at the chalcocite surface, suggesting that the mineral's hydrophobicity is 
induced by more than dixanthogen. This phenomenon was found to be pH-dependent under a 
range of alkaline conditions (i.e., pH 7-12) at narrow potentials (i.e., 0 to -200mV).  
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Glossary of Terms  
 
Term Definition 
Chalcophillic The tendency of a material to bond with sulfur. 
Hydrometallurgy The science by which minerals are separated involving aqueous solution 
chemistry. 
Pyrometallurgy The science by which minerals are separated involving high temperature 
processing. 
Hydrophobicity The tendency of a material to not bond with water. Literally “water 
fearing”. 
Collector Typically polar organic molecules added to solution in flotation circuits to 
increase the hydrophobicity of the desired value mineral. 
Gangue Waste material from a hydrometallurgical separation. 
Recovery The most common means of measuring the success of a flotation circuit. 
It is determined by calculating the percentage of the value mineral in the 
concentrate after flotation compared to that in the feed. 
SHE Most common notation for measuring solution potential. Measure of the 
potential of a solution as compared to that corresponding to the formation 
of hydrogen gas from its aqueous ions. Acronym for Standard Hydrogen 
Electrode. 
EDAX An analytical measurement technique used in conjunction with a scanning 
electron microscope. Acronym for Energy Dispersive X-Ray Analysis. 
Activity A measure of the fraction of effective concentration of a species in 
solution. 
Electrosorption 
Valency 
A constant used in calculating the charge density of surface species at 
applied potential. The number of electrons transferred during the 
adsorption process of a chemical species. 
Isotherm Typically a line on a plot that represents a set of data gathered at a 
specific or constant temperature. 
Antiferromagnetic A property of a material whose electronic spins are ordered and each spin 
has neighbors with the opposite spin. 
Band Gap The separation between the valence and conduction bands in the energy 
levels of a material. 
Passivate To render a material surface less reactive. 
Xanthate The common name for O-Alky Dithiocarbonate. 
Potentiodynamic A term used to describe a measurement or analytical technique where the 
potential is changing or dynamic. 
KEX Potassium Ethyl Xanthate. 
FTIR Acronym for Fourier Transform Infrared. A spectroscopic technique that 
can identify the vibrational modes of the molecules being analyzed. 
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1. Introduction  
Industrially, copper is consumed at an average rate of 10-20 kg per person in developed 
countries and this number is ever increasing (Steinitz, 2007). Out of over two hundred copper 
containing minerals, about twenty of them can be processed to extract the Cu within for 
commercial use (Habashi, 1997). Because chalcopyrite, one of the minerals from which copper 
can be extracted, is the world’s most abundant copper bearing sulfide mineral, it is the focus of 
this research.  
Because copper is chalcophilic, it is found to occur mostly as a type of sulfide mineral. 
The two main ways to extract copper from a sulfide mineral matrix are by hydrometallurgical 
processing and pyrometallurgical processing. These two techniques can also be used in stages to 
process the same ore body. The focus of this research involves the hydrometallurgical processing 
of chalcopyrite. Some advantages of hydrometallurgical extraction include its low sensitivity to 
various impurities and its applicability to low grade materials. The main disadvantages of certain 
hydrometallurgical processing techniques can include slow dissolution rate, excess sulfuric acid 
production, and low or incomplete recovery in some cases. For these reasons, it is important to 
study possible ways to improve the hydrometallurgical processing of copper sulfide minerals. In 
order to improve metallurgical performance of copper separation from chalcopyrite in 
hydrometallurgical processing, knowledge of the surface chemistry of chalcopyrite is critical.  
One of the hydrometallurgical applications used to extract chalcopyrite from its 
surrounding ore body is froth flotation. Froth flotation is a process that exploits the differences in 
hydrophobicity to induce mineral separations. In this process, air is bubbled into a slurry mixture 
of mineral ore and water. As the air bubbles rise through the solution, the minerals that are 
hydrophobic (water fearing) adhere to the air bubbles and float to the surface while the 
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hydrophilic (water loving) minerals are left in the slurry. Normally the froth that has been floated 
to the surface is the product concentrate (con) and the remaining slurry is the tailings (tail) or 
waste material. In reverse flotation, however, the opposite is true. In either case, the success of a 
flotation operation depends greatly on the surface chemistry of the minerals involved.  
For over one hundred years, researchers have been studying how adjusting the surface 
chemistry of the minerals in solution can affect flotation recovery in various aqueous 
environments. The surface chemistry in solution is primarily altered by changing the potential 
and pH as well as introducing collector molecules which adhere to the mineral surface inducing 
hydrophobicity. From previous research, it is now known the general conditions under which 
chalcopyrite floats but the inscrutability remains as to exactly how specific collectors affect the 
surface formations and the surface chemistry reactions that allow them to operate effectively as a 
flotation reagent.  
The purpose of this investigation was to study the surface chemistry reactions of 
chalcopyrite in xanthate collector systems at various potentials and pHs. The results were 
compared to reactions predicted by corresponding EH-pH diagrams. The objective of the research 
in this thesis was first to establish an effective voltammetry procedure. Then the aim was to 
corroborate previous findings of ethyl xanthate chemisorption on copper. After these preliminary 
results were obtained, the objective was to study the anodic potential regions of iron and 
chalcopyrite minerals in xanthate solution and to find evidence of xanthate chemisorption on a 
chalcopyrite surface. The focus of this study was on the chemisorption of xanthate onto 
chalcopyrite in neutral to basic conditions at anodic potentials.  
  
3 
2. Literature Review 
Previous electrochemical studies exist that show distinctions between a metal xanthate 
layer and a secondary co-adsorbed layer of xanthate components on sulfide minerals which are 
comparable to regions of flotation that correspond to either the formation of a metal xanthate or 
dixanthogen (Leja, 1986). However, it is currently debated, whether there exist regions where 
chemisorbed xanthate forms on a chalcopyrite surface that do not correspond to the formation of 
metal xanthate or dixanthogen and whether these regions result in an increased flotation recovery 
of the chalcopyrite (Suonine, 1993). The primary objective of this research is to examine this 
possibility. In order to do this, the principles of flotation, chalcopyrite and xanthate chemistries, 
and previous studies on the subject must be reviewed. This review will detail some of what is 
known about the surface chemistry of chalcopyrite and how its characteristics affect flotation. 
2.1. Froth Flotation 
2.1.1. Background 
The earliest development of flotation began in 1860 with the bulk oil flotation process 
(Young, 1995). In this method, an ore slurry was added to a flotation cell and the hydrophobic 
minerals were wetted by an added oil while the hydrophillic minerals remained in the water 
phase. When the oil phase had sufficiently separated from the water phase it was collected to 
provide the concentrate from the slurry. Since then, many advancements have been made in the 
field of froth flotation including the addition of rising air bubbles (Potter, 1902; Froment, 1902), 
agitation of the slurry (Sulman, 1905), and the addition of various chemicals to stabilize the froth 
phase and selectively induce hydrophobicity.  
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2.1.2. Fundamentals 
Flotation is a physio-chemical process where minerals are separated from each other or 
from gangue (waste) material based on differences in hydrophobicity. In this process, air bubbles 
are dispersed through a particle suspension and, as they rise to the surface, hydrophobic 
molecules attach to the bubbles and report to the froth phase where, generally, they can be 
collected as concentrate. The hydrophilic particles (gangue) remain in the slurry and eventually 
are discarded as tailings. In some cases, reverse flotation is employed where the froth phase is 
discarded and the slurry is collected as concentrate. In both instances, hydrophobicity of the 
desired minerals can be bolstered or induced through a combination of chemicals that are 
selected based on the desired concentrate mineral. 
2.1.3. Characterizing Hydrophobicity 
The hydrophobicity of a mineral can be characterized by measuring flotation recoveries 
and rates, bubble attachment kinetics, bubble contact angles, critical surface tension, and 
collector adsorption densities (Young, 1995). Using these measurements, the natural 
hydrophobicities of various minerals can be examined and compared, as can the hydrophobicities 
that occur as a result of the addition of collector molecules. By comparing the hydrophobicities 
induced using different collectors, their respective estimated potency can be determined.  
2.1.4. Solution Chemistry Factors That Affect Flotation 
Flotation recoveries are greatly affected by the chemistry of the slurry. The main 
considerations in flotation solution chemistry are potential (EH), pH, temperature, ore 
composition, and chemical addition. The goal in any given flotation circuit is to optimize these 
parameters in order to maximize the desired flotation recoveries.  
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2.1.4.1. Solution Potential 
The potential of a solution is its tendency to gain or lose electrons (also called the 
oxidation reduction potential). The solution potential determines which surface species will 
predominate on a mineral under set conditions. Different minerals have peaks in hydrophobicity 
at certain solution potentials when other variables are kept constant.  
2.1.4.2. pH 
The pH of a solution is the measure of the activity of the hydrogen ions present which 
can affect the surface charge of the minerals in solution. This is important because minerals have 
a zero point charge (ZPC) which occurs at a distinct pH and at which no charge is accumulated 
on the mineral surface. Above this point, a mineral has a cationic surface charge and below this 
point it has an anionic surface charge. The charge on a mineral surface affects how the mineral 
will react in a flotation cell and whether an anionic collector or a cationic collector will adsorb to 
the mineral surface, as well as other surface chemistry considerations.  
2.1.4.3. Temperature 
Temperature plays a role in the kinetics and thermodynamics of froth flotation. As 
temperature is increased, in the flotation of copper ore, recoveries have been seen to increase 
(Mustafa, 2005). Although kinetics may play a role in the chemisorption of ethyl xanthate on 
chalcopyrite, the focus of this research is on the instantaneous chemisorption of xanthate onto 
mineral surfaces. So the kinetics were considered to be negligible and therefore were not 
investigated and will not be further discussed.  
2.1.4.4. Ore Composition 
Slurry composition most widely affects the process of flotation because every mineral 
will react differently in solution and any natural ore body is always comprised of more than one 
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mineral. For example, if you have a chalcopyrite and pyrite system without collector, 
chalcopyrite will float above a pH of 8 while pyrite is particularly hydrophobic near pH 5.This 
means that if the ultimate goal is to collect a chalcopyrite concentrate it might be prudent to 
remove the pyrite at pH 5 before collecting the chalcopyrite to avoid mineral entrainment of the 
pyrite into the chalcopyrite concentrate in the flotation cell. Although the variation between 
chalcopyrite (CuFeS2) and pyrite (FeS2) is merely the lack of one unit of copper in pyrite, their 
surface chemistries are considerably different.  
2.1.4.5. Chemical Addition 
While the solution chemistry can be defined by EH and pH, it is also important to 
consider the type of chemicals that are present in the ore as well as added into solution to help 
control the surface chemistry of the minerals. These chemicals determine whether or not a 
mineral will behave hydrophobically. These chemicals include non-pH modifiers such as 
frothers, activators, depressants, and collectors. Frothers are used to stabilize the bubbles in the 
froth phase. Activators are used to selectively make a mineral surface more reactive towards 
other chemicals added into solution. Depressants can be used to either render a mineral surface 
unreactive or to reduce the hydrophobicity of a mineral surface. Collectors are added to solution 
to render selective mineral surfaces hydrophobic. Throughout the course of this research only 
collector chemicals were used to alter the solution chemistry. 
2.2. Chalcopyrite 
2.2.1. Abundance and Occurrence 
As was previously stated, of the copper containing minerals that can be beneficiated, 
chalcopyrite is the most abundant. It can exist in a variety of mineral deposits that may also 
contain porphyry, sphalerite, dolomite, galena, chalcocite, djurlite, bornite, covellite, pyrite, 
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and many other minerals. Chalcopyrite is widespread and is predominantly seen in 
hydrothermal veins and disseminations as well as being the principle mineral in many porphyry 
deposits. Because it is the most available copper containing mineral it is important to strive to 
process it in the most efficient manner. 
2.2.2. Structure 
Before surface chemistry of chalcopyrite is studied, a general knowledge of its bulk 
chemistry should be discussed. Chalcopyrite is a copper, iron, and sulfide mineral with the 
formula CuFeS2. The accepted crystal structure of chalcopyrite is a derivative of the zinc 
blende structure which can be seen in Figure 1: Zinc Blende Structure (Fluorite, 2012), 
however, the zinc atoms are replaced by copper and iron. A unit cell specific to chalcopyrite 
can be seen in Figure 2 (Ghahremaninezhad, 2012). Each metal atom occupies sulfur’s 
tetrahedral interstices. This indicates that each sulfur atom bonds with two copper atoms and 
two iron atoms. Because the copper and iron atoms have opposite magnetic moments, 
chalcopyrite exhibits antiferromagnetic properties. Because of these properties of chalcopyrite, 
the iron atom in the chalcopyrite can neither completely be considered as Fe3+ nor Fe2+, and 
therefore the bonding of these atoms is complex and most likely includes the participation of 
the 3d level electrons in the covalent bonding. It is shown, however, by Todd (2002) that Fe 
exists in chalcopyrite predominantly as Fe2+ therefore for this research the most likely 
oxidation states of the chalcopyrite atoms are assumed to be Cu2+, Fe2+, and S2-.  
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Figure 1: Zinc Blende Structure (Fluorite, 2012)  
 
Figure 2: Unit Cell Crystal Structure of CuFeS2 (Ghahremaninezhad, 2012)  
Because sulfur is much less electronegative than oxygen, it exhibits a greater tendency to 
form covalent bonds. This means that sulfur does not have as great a tendency to form hydrogen 
bonds as oxygen does. Lack of hydrogen bonding between sulfide mineral surfaces and water 
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contributes to the natural hydrophobicity of these minerals which aids in their flotation (Leja, 
1986).  
2.2.3. Properties 
2.2.3.1. Conductivity 
Another important aspect of chalcopyrite chemistry is its electrical conductivity. 
Electrical studies and determinations of its band gap show that chalcopyrite displays the 
behavior of a semiconductor. The conduction of any material is dependent on the ability of free 
electrons (negatively charged) or electron holes (positively charged) to move between energy 
levels. These energy levels are called bands and in a given material there exists a valence band 
and a conduction band. If these bands are close enough together in energy that electrons (or 
electron holes) can transfer freely between the bands, that material is said to be conductive. For 
a material that is said to be a conductor the valence band and conduction band overlap whereas 
for a material that is said to be a semi-conductor the bands do not overlap but are close enough 
in energy to allow for the transfer of electrons between bands. The charge carriers (free 
electrons or electron holes) are the result of (a) non-stoichiometry, (b) impurity defects, and/or 
(c) thermal excitation (Ghahremaninezhad, 2012). The properties of the charge carriers are 
important in solution chemistry because, as the potential in a solution changes, so do the 
interactions between the electrons of the semi-conductive material surface layer and the 
solution. The difference between the energy levels of the valence and conduction bands of the 
material and the redox potential of the solution will determine whether electrons flow from 
electrode to the electrolyte or from the electrolyte to the electrode. In this research, this 
property of chalcopyrite is exploited to measure the amount of transferred electrons in a 
surface chemistry reaction. 
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2.2.3.2. Surface Chemistry 
The exact nature of the surface chemistry of chalcopyrite is a topic that is not 
definitively known and therefore is still being explored and disputed. This section will discuss 
some possible reactions taking place on the surface of a chalcopyrite mineral under various 
solution conditions and the impacts this surface chemistry has on flotation.  
In general, it has been shown that a chalcopyrite electrode becomes passivated at 
potentials up to 0.90V vs. SHE (Note: all further voltages described are reported vs. SHE). 
This passive region shows progressively thickening surface films. The most plausible film that 
passivates the surface of the chalcopyrite is thought to be a metal deficient sulfide film in the 
form of the Cu1-xFe1-yS2-z polysulfide. As shown by Ghahremaninezhad (2012), in a dilute 
sulfuric acid solution and at low potential (0.615V < E < 1.015V), the surface reaction of 
chalcopyrite that gives this polysulfide proceeds according to the equation:  
Equation 1 
𝐶𝑢𝐹𝑒𝑆2 + 4𝑧𝐻2𝑂 ⟷ 𝐶𝑢1−𝑥𝐹𝑒1−𝑦𝑆2−𝑧 + 𝑥𝐶𝑢
2+ + 𝑦𝐹𝑒3+ + 𝑧𝑆𝑂4
2− + 8𝑧𝐻+ + (2𝑥 + 3𝑦 + 6𝑧)𝑒−   
where Cu1-xFe1-yS2-z acts as a passive film and slows the dissolution rate of the chalcopyrite.  
In addition to the polysulfide passivating layer, it is thought that a layer of iron oxide 
(possible species including Fe2O3, Fe3O4, or FeOOH) forms outside the polysulfide layer when 
the mineral is exposed to air. This oxide layer forms when the passive film’s ferrous sulfide 
phases oxidize.  
As the potential increases, transpassive dissolution of chalcopyrite occurs. At potentials 
1.015V < E < 1.085V (Ghahremaninezhad, 2012) the chalcopyrite surface reacts according to 
the following mechanism:  
Equation 2 
𝐶𝑢𝐹𝑒𝑆2 + 4𝑝𝐻2𝑂 ⟷ 𝐶𝑢1−𝑚𝐹𝑒1−𝑛𝑆2−𝑝 + 𝑚𝐶𝑢
2+ + 𝑛𝐹𝑒3+ + 𝑝𝑆𝑂4
2− + 8𝑝𝐻+ + (2𝑚 + 3𝑛 + 6𝑝)𝑒− 
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The polysulfide that results from the reaction in Equation 2 is active compared to the product 
of Equation 1 which was demonstrated by the presence of detectable copper ions in solution at 
these higher potentials. The transpassive dissolution occurs because of the oxidation of sulfur 
from the passive film to elemental sulfur or high oxidation state sulfur species on the 
chalcopyrite surface.  
When the potential was further increased (1.085V < E < 1.165V), the iron from the 
chalcopyrite surface was completely released into solution and a CuS layer formed on the 
surface of the electrode according to the reaction:  
Equation 3 
2𝐶𝑢𝐹𝑒𝑆2 + 13𝐻2𝑂 ⟷ 0.75𝐶𝑢𝑆 + 1.25𝐶𝑢
2+ + 𝐹𝑒2(𝑆𝑂4)3 + 0.25𝑆𝑂4
2− + 26𝐻+ + 28𝑒− 
Because the CuS layer is not stable at potentials higher than 1.165V the dissolution of the 
chalcopyrite continues according to the following reactions:  
Equation 4 
𝐶𝑢𝑆 + 4𝐻2𝑂 ⟷ 𝐶𝑢
2+ + 𝑆𝑂4
2− + 8𝐻+ + 8𝑒− 
Equation 5 
2𝐶𝑢𝐹𝑒𝑆2 + 16𝐻2𝑂 ⟷ 2𝐶𝑢
2+ + 𝐹𝑒2(𝑆𝑂4)3 + 𝑆𝑂4
2− + 32𝐻+ + 34𝑒− 
In alkaline solutions, only slight differences in solution chemistry were seen. One of 
these differences was that at low potentials, the iron oxidizes to a monolayer of passive 
Fe(OH)3 and Fe2O3 while the copper and sulfur remain unchanged as CuS2. Then as the 
potential increased (>0.64V), the CuS2 layer oxidized to CuO which accelerated dissolution. 
These findings from have been supported with experiments using cyclic voltammetry and XPS 
analysis.  
Although there exists literature showing the surface chemistry in solutions of higher 
potentials, little study has been done concerning chalcopyrite surface chemistry at lower 
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potentials which is why it is important to study reactions that might be occurring in these 
regions. 
2.2.4. Known Effects on Collectorless Flotation 
The effects of the documented and undocumented surface interactions of minerals in 
solution are seen in larger scale flotation and are important to consider when designing a 
flotation circuit. In the following sections, known effects of oxidation and surface potential on 
the flotation of copper sulfide minerals will be discussed.  
2.2.4.1. Oxidation 
In the previous sections of this review, it was discussed that during the dissolution of 
chalcopyrite, the surface layer oxidizes into various compounds which can affect the 
floatability of the chalcopyrite. It is generally agreed upon in literature and in practice that 
surface oxidation leads to reduced floatability of sulfide minerals especially chalcopyrite. As 
the oxidation time after fracture of the mineral increases, the floatability sharply decreases as 
seen in Figure 3 from a study done on the effect of oxidation on chalcocite flotation by D. 
Kotlyar and W. Tolley, 1993.  
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Figure 3: Study of the Effect of Oxidation Time on Flotation Recovery of Chalcocite in 2X10-5M Ethyl 
Xanthate (Koytlar, 1993) 
The results of this study showed that with even only a short oxidation time allowed, the 
flotation recovery decreased dramatically. Some corresponding results from this study can be 
seen in Figure 4 for chalcopyrite. As can be seen, at a dilute collector concentration the 
oxidation of the chalcopyrite for only eight hours showed a 33% decrease in flotation recovery, 
and even at a much higher collector dose, the oxidation reduced recovery by 27%. At an 
oxidation allowance of 25 days, the low collector dose experienced an additional decrease of 
32% while the high collector dose increased by 2% from the 8 hour oxidation time. It is 
important to note that all oxidation times led to decreased recovery.  
 
Figure 4: Data from Oxidation Studies of Chalcopyrite (Kotlyar, 1993) 
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From this data it was postulated by Kotlyar and Tolley that the copper and iron in the 
surface layer of chalcopyrite precipitates as copper and iron hydroxides forming a new 
passivating surface layer along with oxysulfides which is a conclusion similar to the surface 
chemistry research that was presented earlier in this report.  
Another study of the collectorless flotation of chalcopyrite done by Luttrell and Yoon, 
1983, compared the floatability of the chalcopyrite to the solution potential before and after 
oxidation. Figure 5 shows some results from this study. This demonstrates that the oxidized 
chalcopyrite showed reduced floatability even at solution potentials that are known to increase 
flotation recovery. The effect of the solution potential on flotation will be discussed further in 
the next section.  
 
Figure 5: Potential versus Flotation Recovery for Freshly Fractured and Oxidized Chalcopyrite in a 
Collectorless Solution (Lutrell, 1983) 
2.2.4.2. Potential 
Potential plays a critical role in the surface chemistry reactions and the flotation of 
chalcopyrite. In the dissertation of Leja (1986) the flotation recovery of chalcopyrite was tested 
against the solution potential and was compared to other copper and iron sulfide minerals in a 
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collectorless environment. The results of the study are shown in Figure 6 given as potentials vs. 
SCE which corresponds to a 0.241V potential shift from the standard hydrogen electrode. 
 
Figure 6: Potential versus Flotation Recovery for Cu, Fe, S Minerals (Leja, 1986) 
For the chalcopyrite (CuFeS2), the highest recovery occurs at positive potential. This is 
consistent with the surface chemistry studies that have been presented previously in this report. 
As the potential increases, it is thought that the passivating layer of oxidized chalcopyrite 
diminishes and a layer of elemental sulfur is formed allowing for increased recovery of the 
chalcopyrite. 
A study by Qiming, Jin, and Shi (1992) shows results from the collectorless flotation of 
chalcopyrite (and galena shown as the dashed line) as a function of solution potential and the 
recovery curve can be seen in Figure 7. In this plot, we see the same shape of curve as in Figure 
6 but the best flotation occurred above 300mV. This data supports the findings of Leja (1986) 
and supports the surface chemistry analysis previously presented.  
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Figure 7: Potential versus Recovery in Collectorless Flotation of Chalcopyrite (Qiming, 1992) 
A possible factor in the increased flotation of chalcopyrite at an oxidizing solution 
potential is the presence of a monolayer of elemental sulfur formed at the mineral surface. The 
higher the solution potential, the higher the elemental sulfur monolayer. Since elemental sulfur 
is naturally hydrophobic, the higher the amounts of elemental sulfur on the surface, the better 
the flotation recovery.  
2.3. Xanthate 
Of the many types of collectors, xanthates are the industry standard for the use in copper 
sulfide mineral recovery by froth flotation. For this reason, the focus of this research is on the 
interactions of potassium ethyl xanthate with chalcopyrite in an aqueous environment.  
2.3.1. Structure and Properties 
Xanthate is a functional group of an organic molecule formally known as O-alkyl-
dithiocarbonates and has the structure shown below.  
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Figure 8: General Structure of Xanthate 
The variation between the properties of specific xanthates comes from changes in the 
alkyl group R. Variations in the chain length or amount of branching in this group will alter the 
properties of the xanthate. As the xanthate chain length is increased, the solubility of the xanthate 
group decreases (Poling, 1976). Because this decreased solubility corresponds to an increase in 
hydrophobicity, the larger chain length xanthates typically result in higher flotation recoveries. 
However, when the xanthate is less soluble it also becomes less selective which can lead to 
recovery of undesirable minerals. Also, the oxidation from xanthate to dixanthogen is more 
energetically favorable for longer chain length xanthates than those with shorter chain lengths. In 
the case of chalcopyrite flotation, as the chain length is increased, the flotation rate and recovery 
are increased (Ackerman, 1987). Branching of the xanthate carbon chain has also been shown to 
decrease solubility and thereby increase flotation recovery.  
2.3.2. Surface Attachment 
There are known to be multiple ways that xanthate molecules interact with copper 
mineral surfaces. The main three methods of attachment are the formation of a copper metal 
complex, the adsorption of dixanthogen onto the surface of the mineral, and the chemisorption of 
a xanthate molecule onto the mineral surface.  
Figure 9 depicts a generic example of the three different attachment mechanisms of 
xanthate on a metal sulfide mineral surface. All three of these methods are known to aid in the 
flotation of various sulfide minerals by the addition of xanthate into solution  
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Figure 9: Schematic Representation of Xanthate Adsorbed onto a Sulfide Mineral by: (1) Metal Xanthate 
Formation (2) Chemisorption (3) Dixanthogen Formation 
Figure 10 shows a molecular depiction of the surface species formation of xanthate on a 
metal sulfide surface. The dashed lines in the chemisorbed xanthate formation indicate a 
delocalization of electrons keeping the xanthate adsorbed to the metal surface. In the cases of the 
metal xanthate and dixanthogen formation, covalent bonding occurs making these bonds stronger 
than that of the xanthate chemisorption. Depending on the mineral in question, dixanthogen can 
adsorb onto a mineral surface or form a metal dixanthogen species.  
 
Figure 10: Surface Species Formations of Xanthate: (1) Metal Xanthate (2) Chemisorbed Xanthate (3) 
Dixanthogen (Andreev, 2003) 
The occurrence of metal xanthate and dixanthogen formation on a chalcopyrite mineral 
surface have been shown to occur but there still exists some question as to the possibility of 
chemisorbed xanthate occurring at a chalcopyrite mineral surface.  
2.4. Xanthate Adsorption onto Chalcopyrite 
In industrial practices, reagents are almost always used to increase the floatability of 
chalcopyrite. When adding collectors it is important to understand the mechanism of reagent 
(1) (2) (3) 
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attachment to the surface of the mineral in order to optimize the flotation recovery. In general, 
collectors in solution form ions which orient themselves on a mineral surface based on the 
surface charge. These collector particles adsorb to a surface until a complete monolayer is 
formed. Then they begin to orient themselves so that additional collector molecules adsorb to 
the monolayer. An important parameter to consider regarding reagent adsorption mechanisms 
is pH of the solution. As the pH changes, the charge on the mineral surface is changed and 
therefore so are the collector adsorption mechanisms. For most sulfide minerals the optimum 
pH for flotation has been shown in literature to be between pH 9 and 10. A chart depicting this 
for the specific case of chalcopyrite being recovered using a xanthate collector can be seen in 
Figure 11 taken from the Journal of Chemical Society of Pakistan. In Figure 11, flotation 
recovery as a function of pH can be seen for chalcopyrite in solution with a xanthate collector. 
 
Figure 11: Flotation Recovery versus pH for Chalcopyrite with 4X10-4M KEX at 293K (Mustafa, 2005) 
In Figure 12 it can be seen that pH affects the adsorption of xanthate onto chalcopyrite. 
The highest adsorption occurs at pHs 9 and 10. These findings support the industrial practices 
of operating flotation circuits between pH 9 and 10 for chalcopyrite with a xanthate collector.  
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Figure 12: Effect of pH on Xanthate Adsorption Isotherms at 293K (Mustafa, 2005) 
This is important because “the deposition of metal xanthate with low solubility on 
sulfide mineral and the oxidization of xanthate into dixanthogen which further adsorbs onto 
sulfide, are the two main mechanisms for the increase of hydrophobicity of sulfide minerals in 
flotation” (Zhang, 2012).These mechanisms are affected by pH, as is the formation of an 
elemental sulfur monolayer. As this monolayer increases, the recovery of chalcopyrite is 
known to increase. The percent monolayer of elemental sulfur is higher at pH 10 than at pH 12 
(Lutrell, 1983). This is thought to be due to the increased thermodynamically stability of 
elemental sulfur near pH 10. These main mechanisms of increasing chalcopyrite flotation are 
dependent on the ability of the mineral to absorb xanthate onto its surface which is a direct 
result of the surface and solution chemistry in flotation.  
2.5. Cyclic Voltammetry 
2.5.1. Theory 
Cyclic voltammetry is a potentiodynamic electrochemical measurement where the 
potential in a solution is changed and resulting current through a mineral electrode in that 
solution is measured as a function of the potential. When reactions occur on the surface of an 
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electrode and electrons flow between a mineral surface and solution, characteristic current 
peaks appear and the thermodynamic stability of various surface species can help to determine 
what reactions are taking place at the mineral surface.  
2.5.2. Established Results 
From the dissertation by Ghahremaninezhad in 2012, Figure 13 shows a ten cycle scan 
of the surface current of the chalcopyrite electrode. The peaks in the current at certain 
potentials are indicative of a surface reaction and in this way data supporting the surface 
chemistry described in section 2.2.3.2 was collected.  
 
Figure 13: Voltammogram of Chalcopyrite Studies Performed by Ghahremaninezhad (2012) 
In another cyclic voltammetry experiment, a fresh electrode surface showed a small 
prewave in the voltammogram which is thought to be the result of the initial surface oxidation 
process. This prewave was followed by a steep rise in anodic current which is described as a 
region of active dissolution. These findings show how quickly oxidation occurs on a mineral 
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surface and that presence of such a layer can passivate a surface preventing the reaction from 
occurring in subsequent potential cycles. 
These surface chemistry findings have also been supported by XPS and electrochemical 
analysis by Ahmad G. (Ghahremaninezhad, 2012) but are outside the relevant scope of this 
report.  
According to Qiming, Jin, and Shi (1992) at pH 9 one chemical reaction that occurs is  
Equation 6 
𝐶𝑢𝐹𝑒𝑆2 + 3𝐻2𝑂 ⟷ 𝐶𝑢𝑆 + 𝐹𝑒(𝑂𝐻)
2 + 𝑆° + 3𝐻+ + 3𝑒−   
According to this research, this reaction corresponds to the second cathodic peak in the 
voltammograms (labeled a6/a7 in Figure 13). This reaction is important because elemental 
sulfur is thought to be a critical surface layer for the natural hydrophobicity of chalcopyrite. 
The studies done by Ghahremaninezhad also report that elemental sulfur is produced at high 
potentials. 
2.6. Raman Spectroscopy 
2.6.1. Theory 
Raman spectroscopy is a technique that employs the scattering of monochromatic light to 
analyze chemical samples. The monochromatic light interacts with the molecules causing them 
to vibrate. The resulting light that is scattered after interacting with said molecules will either 
have the same energy as the incident radiation (Rayleigh scattering) or it will have changed 
energy (Raman scattering). How much the resulting photons have changed in energy is 
dependent on the frequency of molecular vibration that it has exchanged energy with. In order 
for the Raman Effect to occur, the light must interact with a vibrational mode that causes a 
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change in the polarizability of the molecule. In this way, vibrational modes of molecules can be 
seen and from this data molecular structures can be interpreted.  
2.6.2. Established Results 
Many previous studies have been performed on chalcopyrite samples using Raman 
spectroscopy but fewer studies exist on the surface species formed when xanthate interacts with 
chalcopyrite. Figure 14 shows a Raman spectrum of a chalcopyrite sample. The main peaks for 
this sample were labeled at 292, 320, and 353 cm-1.  
 
Figure 14: Raman Spectrum of a Mt. Isla Chalcopyrite Sample (Parker, 2008) 
Andreev and Barzev executed experiments using Raman spectroscopy to analyze the 
products of the flotation of chalcopyrite using sodium isopropyl xanthate. Their analysis, 
depicted in Figure 15, showed some peaks near 500 cm-1 from the addition of xanthate as well as 
some smaller peaks near 1100 cm-1.  
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Figure 15: Raman Spectra of the Surface Products Obtained by Processing Chalcopyrite with a) 50g/L NaiPX 
and b) 100mg/L NaiPX and 100mg/L Frother DOW 250 (Andreev, 2003) 
Because the chemisorption of xanthate might only result in small quantities of xanthate 
on the mineral surface, it is possible that enhancement of the surface species might be necessary. 
One way to do this is by adding silver colloid to the surface of the mineral being tested. It has 
been shown by Prochazka et. al. in 1997 that the addition of silver colloid to a surface during 
Raman testing will enhance the strength of the peaks seen in the spectrum and will also add its 
own peak above 1500 cm-1.  
2.7. Conclusions 
Understanding the surface chemistry of a mineral is vital to the optimization of the 
value metal recovery from that mineral. Some knowledge of the bulk chemistry of the mineral 
can be an important starting point for understanding the surface chemistry. In the case of 
chalcopyrite, the complex and still uncertain surface chemistry interactions affect the recovery 
of copper in hydrometallurgical processing. In particular, the surface oxidation, solution 
potential, and reagent adsorption are critical to understanding the surface chemistry and 
recovery of copper from chalcopyrite.  
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3. Experimental Design 
3.1. Theory 
The primary method of experimentation employed for this research was cyclic 
voltammetry. Cyclic voltammetry is a potentiodynamic electrochemical measurement that is 
intended to determine under what potential and pH certain reactions will occur in a solution or at 
an electrode surface. A schematic of the general set up of a cyclic voltammetry experiment can 
be seen in Figure 16. In general, there is a cell containing the solution of interest and into this 
solution, three electrodes are placed. A nitrogen purge can be used if desired to expel excess 
oxygen from the solution before measuring the current.  
 
Figure 16: Schematic of a Typical Voltammetry Setup (OpenStax CNX) 
Normally, a reference electrode, a counter electrode, and a working electrode are used to 
measure current flow. The working electrode is the electrode where the reactions of interest 
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occur. For this study, the working electrode was made from the mineral of interest, namely 
copper, iron, or chalcopyrite. By studying copper and iron individually to understand their 
interactions with xanthate, it is presumed that a greater understanding will be gained of how 
chalcopyrite interacts with xanthate. It is important that the mineral being used is conductive to 
allow the transfer of electrons to or from the solution. The reference electrode is where no 
reactions occur and the potential remains constant. The potential applied to the solution is the 
potential measured between the reference electrode and the working electrode. The counter 
electrode is where the other half reaction in the cell occurs when changing potential in the 
solution. A potential is applied between the working and counter electrodes, and measured using 
the reference electrode. The reference electrode must be as close as possible to the working 
electrode to minimize the IR Drop through the solution and therefore maximize the signal 
detection. Likewise it must be as far away from the counter electrode as possible to minimize 
interference between the two. This is accomplished with a Luggin Capillary which is not 
pictured in the diagram. In this way, the current flowing from the working electrode (mineral 
sample) to the counter electrode can be measured. It is important that the counter electrode be far 
enough away from the working electrode such as to not interfere and it should also have large 
enough surface area so that the current flow is not limited by the capacity of the counter 
electrode. It should be noted that a fourth electrode can be used. In this case, a second reference 
electrode is used to monitor reactions occurring at the counter electrode and requires another 
Luggin Capillary as well. These systems are less commonly employed as compared to the three 
electrode voltammetry systems.  
To determine the flow of electrons as a function of potential, the potential is ramped as a 
function of time. For these experiments, the scan rate was 15mV per second. Then the current 
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between the working and counter electrodes was measured as a function of time and the software 
that was used in conjunction with the potentiostat compiled this information into current versus 
potential diagrams, also known as voltammograms. Each peak in a voltammogram corresponds 
to a reaction occurring at the surface of the working electrode.  
As a reaction occurs at a mineral surface, electrons flow from solution to surface or vice 
versa. This flow of electrons is measured by the electrodes as current. Because this current 
measurement is quantified, the amount of electrons being transferred during the chemical 
reaction can be quantified and therefore the quantities of surface products being formed can be 
determined for a given reaction that is occurring.  
3.2. Materials 
3.2.1. Copper 
The copper used to make the electrode was an electrical grade copper wire that was 
wound into a circular shape to create a flat surface similar to that of the iron and chalcopyrite 
electrodes. This same wire was also used as the conductive bridge between the minerals and the 
potentiostat.  
3.2.2. Iron 
The iron used to make the electrode was a group of analytical grade iron rods that were 
bound together. These rods were connected to themselves and to the potentiostat using copper 
wire. Only the iron surface was exposed when conducting the voltammetry experiments with this 
electrode. 
3.2.3. Chalcopyrite 
The chalcopyrite used was a natural mineral sample from the Butte, MT area provided by 
the mineral museum at Montana Tech. To check the purity of the chalcopyrite, an EDAX 
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analysis of the sample was performed to rule out the presence of impurity elements. This analysis 
can be seen in Figure 17.  
 
Figure 17: EDAX Spectrum of Chalcopyrite Mineral Sample 
Based on this analysis, Table I shows the relative weight percent and atomic percent of 
each element. This analysis shows an atomic ratio of approximately 1:1:2 of Cu:Fe:S which 
confirms that the mineral specimen is predominantly chalcopyrite.  
Table I: Elemental Analysis of Chalcopyrite Mineral Specimen 
Element Weight %  Atomic % 
Sulfur 33.88 48.81 
Iron 31.18 25.79 
Copper 34.93 25.39 
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3.2.4. Reagents 
3.2.4.1. Buffer Solutions 
The only reagents used throughout the course of the experimentation were DI water, pH 
buffers, and potassium ethyl xanthate. The first round of pH buffers were formulated according 
to the components shown in Table II for 500mL of solution.  
Table II: Initial Buffer Solution Makeup 
pH Component Amount 
7 
NaH2PO4 3.45g 
0.1M NaOH 145.0 ml 
8 
Na2B4O7·10H2O 2.38g 
0.1M HCl 102.5mL 
9 
Na2B4O7·10H2O 2.38g 
0.1M HCl 23.0mL 
10 
Na2B4O7·10H2O 2.38g 
0.1M NaOH 9.2mL 
11 
K2HPO4 2.18g 
0.1 M NaOH 20.5mL 
12 
K2HPO4 2.18g 
0.1M NaOH 134.5mL 
 
Because there were found to be some issues with these buffers when using them with the 
copper minerals, new buffer formulations were used. The composition of the new buffers 
(Hydrion buffer packets) can be seen in Table III. The percentages shown are by weight. All 
buffers were made using DI water.  
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Table III: Hydrion Buffer Solution Makeup 
pH Component Percentage 
7 
Potassium Phosphate Monobasic 30-40% 
Sodium Phosphate Dibasic 60-70% 
8 
Potassium Phosphate Monobasic 10-20% 
Sodium Phosphate Dibasic 80-90% 
9 
Sodium Carbonate 20-30% 
Sodium Bicarbonate 70-80% 
10 
Sodium Carbonate 50-70% 
Sodium Bicarbonate 30-50% 
11 
Sodium Phosphate Tribasic 60-80% 
Sodium Bicarbonate 20-40% 
12 
Sodium Phosphate Tribasic 60-80% 
Sodium Phosphate Dibasic 20-40% 
 
3.2.4.2. Potassium Ethyl Xanthate 
The collector used for these experiments was potassium ethyl xanthate (KEX). This was 
formulated using potassium hydroxide, ethanol, and carbon disulfide by following the procedure 
of Nedjar (2009). While heating, 25 grams of solid potassium hydroxide was added to 250mL of 
ethanol. Once dissolved, this solution was cooled in an ice bath and 30mL of liquid carbon 
disulfide were added. The resulting precipitate was then filtered and collected. An FTIR 
spectrum was collected for a sample of the KEX to ensure that the final product was in fact 
potassium ethyl xanthate and this spectrum can be seen in Figure 18. A published IR spectrum 
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for potassium ethyl xanthate can be seen in Figure 19 and by comparing the two it can be 
concluded that the material prepared is KEX. Both spectra show large round peaks near  
3500cm-1 that are likely due to water adsorbed by the KEX, since it is a hygroscopic material, as 
well as an additional peak near 2800 cm-1 from the carbon hydrogen stretching of the ethyl 
group. The most indicative features of the KEX are seen at 1600 cm-1 and 1200cm-1 where the 
peaks for the O-C-S stretching and C=S stretching respectively can be seen.  
 
Figure 18: FTIR of Experimentally Prepared KEX  
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Figure 19: FTIR of Potassium Ethyl Xanthate (Nedjar, 2009) 
3.3. Apparatus 
In order to perform any cyclic voltammetry experiments reference, counter, and working 
electrodes needed to be set up and connected to a potentiostat. The working electrodes were the 
mineral samples encased in PVC pipe using epoxy resin. For these experiments, a Ag/AgCl 
electrode, consisting of a silver wire coated in silver chloride surrounded by saturated potassium 
chloride solution, was used as the reference electrode. All potentials were converted to the 
standard hydrogen electrode (SHE) potential by adding 197mV to the generated potential 
measurements. The counter electrode was a graphite rod. As research progressed, it was 
discovered that a nitrogen purge was needed in order to prevent signals from dissolved oxygen 
from interfering with the low current signals from xanthate adsorption. The experimental setup 
can be seen in Figure 20.  
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Figure 20: Experimental Setup 
Approximantely 500mL of solution were used in each test which filled up about half of 
the electrochemical cell. The Ag/AgCl reference electrode was attached to the black cord seen in 
the figure while the working electrode was attached to the red cord on the right and these two 
electrodes were placed as close to each other as possible in solution. The counter electrode is the 
carbon rod shown on the left and is attached to the other red cord. This electrode was placed far 
enough from the reference electrode to prevent any interference in the electrochemical 
measurement.  
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Figure 21: Electrode in Buffer Solution 
During the experiments, the reference and working electrodes were next to each other and the 
surfaces were submerged completely as seen in Figure 21. The cords that are attached to the 
three elctrodes are connected to a EG&G Instruments Model 263A potentiostat (Figure 22) 
which is in turn connected to the computer and the software used for the analysis of the 
voltammetric data. 
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Figure 22: EG&G Instruments Model 263A Potentiostat 
3.4. Preparation 
3.4.1. Electrodes 
The electrodes were assembled using ½” inch diameter PVC pipe, copper wire, and 
epoxy resin. First, a 3” long section of PVC pipe was cut and placed end down onto a sheet of 
Parafilm. Meanwhile, the mineral sample was wrapped with copper wire with an additional 
length of wire left to stick out from the PVC. Then, in the center of the pipe, the mineral sample 
was placed such that the surface intended for testing was face down onto the Parafilm with the 
copper wire trailing out of the PVC pipe. Once the materials were in an acceptable arrangement, 
the epoxy resin was poured into the pipe until it was three quarters of the way filled. This 
assembly was left for 24 hours for the epoxy to dry and harden. Then the electrode surface was 
polished using bench top metallographic polishing wheels to clean and level the surface and 
prepare it for testing. Figure 23 shows a finished electrode from the side and Figure 24 shows the 
cross section of the copper electrode used.  
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Figure 23: Electrode used for Voltammetry 
 
 
Figure 24: Surface Cross Section of Copper Electrode 
3.4.2. Glassware and Electrode Preparation 
To prepare the glassware, before use it was cleaned with 30% nitric acid and rinsed 
thoroughly with DI water. This was done between any experimental runs that involved changing 
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the xanthate concentration in solution. Between tests not involving a change in xanthate 
concentration, all glassware and materials used in testing were rinsed with DI water. The tube 
used to purge the solution with nitrogen was also rinsed with nitric acid and DI water between 
appropriate tests. Before each test, the mineral electrode surfaces were hand polished using a 400 
grit SiC polishing sheet and then rinsed with DI water. 
3.5. Experimental Parameters 
The parameters that were set for these experiments were pH, scan rate, potential range, 
initial potential, and initial scan direction. All test work was performed at a scan rate of 15mV/s. 
The solution was purged for five minutes with nitrogen prior to each test. This nitrogen purge 
was used to dispel any excess oxygen from the buffer solution. It was determined by Furstenau 
in 1990 that oxygen in solution decreases xanthate adsorption onto a mineral surface. Just before 
each test was begun, the purge tube was removed from solution but continued to expel nitrogen 
above the solution for the remainder of the testing. For each test, the solution potential was held 
at the initial test potential for two minutes before testing began.  
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4. Results and Discussion 
Series of experiments were performed using cyclic voltammetry to attempt to identify a 
region where the chemisorption of xanthate onto chalcopyrite occurs. This was done by testing 
copper, iron, and chalcopyrite electrodes in solutions of potassium ethyl xanthate and comparing 
the results to the literature for copper and chalcocite (Young, 1990).  
4.1. Preliminary Experiments 
Before beginning any test work, it first had to be established that the testing method and 
apparatus had been correctly employed. To do this, testing was performed on copper in pH 
buffers at pHs 7-12. The complete set of voltammograms generated during the course of this 
research can be seen in Appendix A. Initial test work was performed at each pH to examine the 
importance of scan direction and the results showed that there was little difference between the 
peaks collected by scanning in opposite directions. The results for a positive and negative scan 
for Cu at pH 7 are shown in Figure 25 and Figure 26 respectively. There are no distinct 
differences between the tests performed at opposite scan directions.  
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Figure 25: Voltammogram of Copper Electrode in pH 7 Solution with Positive Initial Scan Direction 
Figure 25 depicts a scan of the copper electrode in pH 7 buffer solution. The scan rate was 
15mV/s. The initial potential was 0V and then the potential increased to a maximum of 1V and 
after that it was decreased to -1V before returning to 0V completing one entire cycle. For this test 
two cycles were performed.  
 
Figure 26: Voltammogram of Copper Electrode in pH 7 Solution with Negative Initial Scan Direction 
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Future testing was all completed by scanning from the initial scan potential to the 
minimum scan potential during the first phase of the cycle (scanned in the negative direction) to 
attempt to avoid the formations of oxidation layers (known to occur at positive potentials) before 
any reactions of interest could be seen. The initial potential range tested was from -1V to 1V at a 
rate of 15mV/s. The preliminary test work showed an unexpected result at pH 8 and 9 which can 
be seen in Figure 27 and Figure 28 respectively.  
 
Figure 27: Voltammogram of Copper at pH 8 without Xanthate 
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Figure 28: Voltammogram of Copper at pH 9 without Xanthate 
Both voltammograms show that above 0.3V vs. SHE, current increases with increasing 
potential with a relatively constant slope. The increase in current in this region suggests that an 
oxide or hydroxide is forming and attempting to create a passivating layer on the surface as is 
typically known to occur. However, in this case, the lack of a finite peak suggests the oxide or 
hydroxide surface species is likely being solubilized by the solution as it forms. The suspected 
cause of this reaction is the borate present in the pH buffer solution as seen in Table II: Initial 
Buffer Solution Makeup which reacted with the surface layer as it formed generating a 
constantly increasing current. As copper sulfide minerals are known to have peak flotation 
occurring near pH 9, these areas are of key interest to this study and therefore new buffer 
formulations were selected for the remainder of the test work. The selection of the new buffers 
solved this problem as evidenced by the disappearance of the constantly increasing peaks in the 
voltammograms for pHs 8 and 9 shown in Figure 29 and Figure 30 respectively. There is still 
some current flow apparent in this region which can likely be attributed to the formation of an 
oxide or hydroxide passivating layer.  
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Figure 29: Voltammogram of Copper at pH 8 without Xanthate in Hydrion Buffer Solution 
 
Figure 30: Voltammogram of Copper at pH 9 without Xanthate in Hydrion Buffer Solution 
In order to determine whether or not the voltammograms displayed results that are 
consistent with the expected reactions for copper, the potentials at which the anodic peaks first 
began to form were plotted on an EH-pH diagram for copper (Figure 31). The voltage of the 
reaction was recorded at the point where current is first registered by the potentiostat for the peak 
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because this is the initiation of the reaction. The values for the initial reaction voltages on the 
copper surface at pH 7-12 can be seen in Table IV. 
Table IV: Reaction Voltages for Cu Electrode at pH 7-12 
pH Reaction 1 Reaction 2 
7 0.10V - 
8 0.05V - 
9 0.00V 0.20V 
10 -0.10V 0.14V 
11 -0.10V 0.12V 
12 -0.15V 0.06V 
The lines in the EH-pH diagram indicate the boundaries between regions where different 
copper species are thermodynamically predominant. At a set pH, as the potential is changed and 
the system parameters intersect one of the stability lines, a reaction should be observed in the 
voltammogram. The dashed lines indicate the regions of stability for water, above which O2 gas 
is produced from water, below which H2 gas is produced from water. The small stars represent 
the reactions measured by the cyclic voltammetry from Table IV and appear to line up 
reasonably well with the lines on the EH-pH diagram indicating an effective copper electrode and 
equipment setup. The slope of the experimental data for the formation of CuOH from Cu metal is 
-0.051V/pH. The theoretical slope of this line generated using the thermodynamic data and 
StabCAL is -0.059V/pH and the % difference between the theoretical and experimental data is 
14.5%. For the formation of Cu(OH)2 from CuOH the experimental slope is -0.044V/pH while 
the theoretical slope is -0.059V/pH yielding a 29.1% difference.  
44 
 
Figure 31: EH-pH Diagram of Copper in Water with Voltammetry Peaks Plotted against Predominance Areas 
Once it was established that the voltammograms were consistent with the expected 
results, the focus of experimentation moved on to corroborating a published isotherm for the 
adsorption of ethyl xanthate on copper.  
4.2. Literature Corroboration 
To further validate the testing method and materials used for this research, an adsorption 
isotherm for ethyl xanthate onto the copper surface was experimentally generated and compared 
to a published isotherm developed by Woods, Young, and Yoon (1990). From that research it is 
known that the chemisorption of ethyl xanthate, shown in Equation 7, is a reaction that occurs 
around a potential of -0.4V so, in order to develop an isotherm, the copper was tested at pH 9 to 
ensure that the reaction would be occurring within the water stability limits and as far away from 
the region of CuOH predominance as possible.  
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When looking at the copper-xanthate stability diagram, seen in Figure 32, the area in 
which the adsorption of xanthate is expected to occur at pH 9 is denoted by a circle on the 
diagram. This is far enough from any other expected reaction to avoid interference and does not 
fall into the section where CuX predominates. In this diagram X is used to represent xanthate and 
CuX denotes the metal xanthate formation.  
 
Figure 32: EH-pH Diagram of Copper-Ethyl Xanthate-Water System at 1X10-4M KEX 
When looking at Figure 33: EH-pH Diagram of 1X10-4M Ethyl Xanthate in Water, it can also be 
seen that at pH 9 and potential near -0.4V the xanthate in solution exists as the monovalent ion, 
X-, rather than as dixanthogen, denoted as X2 in Figure 33. These predictions support that the 
reaction shown by Woods, Young, and Yoon in 1990 is the chemisorption of xanthate onto the 
copper metal surface represented by the reaction in Equation 7. 
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Figure 33: EH-pH Diagram of 1X10-4M Ethyl Xanthate in Water 
Equation 7 
𝑋−  →  𝑋𝑎𝑑𝑠 +  𝑒− 
The tests performed to generate an adsorption isotherm were run in increments in order to 
quantify the adsorption as a function of initial potential. Initially, the solution potential was held 
at -0.45V, then scanned negatively to -0.7V, and then scanned positively to -0.2V. The scan 
range was chosen in order to create the largest range possible without incurring any added 
current from reactions other than the chemisorption of xanthate. This same method was repeated 
for subsequent tests at initial potentials that were increased by increments of 0.025V for each 
subsequent test with the final test performed at an initial potential of -0.25V vs SHE. The results 
of these tests performed in the absence of xanthate can be seen in Figure 34.  
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Figure 34: Voltammogram of Adsorption Data on Copper at pH 9 without Xanthate 
Once the scans were completed in the pH 9 buffer solution, the entire procedure was 
repeated with potassium ethyl xanthate in solution at a concentration of 1X10-4M. The results of 
these tests are shown in Figure 35. In order to quantify the adsorption as a function of potential, 
the area above each of the curves was found for each individual scan with and without xanthate. 
Then the area of the test performed in pH 9 buffer solution was subtracted from the area of its 
corresponding test performed in xanthate solution to find the total amount of current generated 
solely from the chemisorption of xanthate at each potential range tested.  
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Figure 35: Voltammogram of Adsorption Data on Copper at pH 9 with 1X10-4M Xanthate 
It is assumed that the chemisorption reaction reached monolayer coverage just before the 
initial potential was increased to -0.25V as evidenced by the formation of a second peak in the 
final curve. The second peak is thought to indicate the initial formations of a copper xanthate 
species formed after a monolayer of chemisorbed xanthate is achieved. Therefore, the previous 
curve is presumed to be due to a monolayer and all others sub monolayers. As such, the areas of 
the curve at each increment can be taken as fractions of monolayer coverage that are proportional 
to their respective areas. In this way, the percent surface coverage can be plotted as a function of 
potential as seen in Figure 36 where it is compared to the published isotherm data. The data 
points are the experimentally determined data and the lines show the isotherms calculated from 
the corresponding data sets.  
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Figure 36: Chemisorption Isotherms Determined for Copper at pH 9 with 1X10-4M Xanthate (a) In this 
Investigation (b) Compared to those Similarly Determined by Woods, Young, and Yoon (1990) 
It is expected that this adsorption follows the Frumkin Isotherm in the form adopted by 
Shultze (1980) which is:  
Equation 8 
[
𝜃
1 − 𝜃
] 𝑒𝑔𝜃 = 𝐾𝑎𝐴𝑒
𝛾𝐹𝐸
𝑅𝑇⁄  
where θ is the fractional surface coverage, aA is the activity of the adsorbate, g and K are 
constants, and γ is the electrosorption valency.  
To develop the isotherm that fits the experimental data, the slope of the data at 50% 
surface coverage (θ = 0.5) was found and used to calculate the adsorption isotherm for the 
experimental data. 
To derive the function for the slope at 50% surface coverage, Equation 8 is rearranged as 
a potential equation and its derivative taken as a function of θ and then solved at θ=0.5. 
Equation 9 
ln (
𝜃
1 − 𝜃
) + 𝑔𝜃 = ln 𝐾 + ln 𝑎𝐴 +
𝛾𝐹𝐸
𝑅𝑇⁄  
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Equation 10 
𝐸 =  (𝑅𝑇 𝛾𝐹⁄ ) (ln (
𝜃
1 − 𝜃
) + 𝑔𝜃 − ln 𝐾 − ln 𝑎𝐴) 
Where K is 1 and aA is 1.  
Equation 11 
𝑑𝐸
𝑑𝜃
=  (𝑅𝑇 𝛾𝐹⁄ ) (
1
(
𝜃
1 − 𝜃)
∙
(1 − 𝜃)(1) − 𝜃(−1)
(1 − 𝜃)2
+ 𝑔) 
Equation 12 
𝑑𝐸
𝑑𝜃
=  (𝑅𝑇 𝛾𝐹⁄ ) (
1 − 𝜃
𝜃
∙
1
(1 − 𝜃)2
+ 𝑔) 
Equation 13 
𝑑𝐸
𝑑𝜃
=  (𝑅𝑇 𝛾𝐹⁄ ) (
1
𝜃(1 − 𝜃)
+ 𝑔) 
Equation 14 
𝑑𝐸
𝑑𝜃
=  (𝑅𝑇 𝛾𝐹⁄ ) (4 + 𝑔) 
Because the slope of the curve for the experimental data at 50% surface coverage is measured at 
4.78 1/V and the number of electrons, γ, for the chemisorption reaction shown in Equation 7 is 1, 
the constant, g, to be represented as an integer, can be determined:  
Equation 15 
1
4.78
𝑉 =  (
(8.314 𝐽/𝑚𝑜𝑙𝐾)(298.15𝐾)
(1)(96485 𝐶/𝑚𝑜𝑙)
) (4 + 𝑔) 
Equation 16 
0.209153𝑉 =  (0.025678
𝐽
𝐶
) (4 + 𝑔) 
Equation 17 
𝑔 =  4.1452 ≈ 4 
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With the xanthate concentration at 1X10-4M, the equilibrium constant, K, can be determined:  
Equation 18 
[
𝜃
1 − 𝜃
] 𝑒𝑔𝜃 = 𝐾𝑎𝐴𝑒
𝛾𝐹𝐸
𝑅𝑇⁄  
Equation 19 
𝑒4(0.5) = 𝐾(10−4𝑀)𝑒
(1)(96485𝐶/𝑚𝑜𝑙)(−0.4113𝑉)
(8.314 𝐽/𝑚𝑜𝑙𝐾)(298 𝐾)  
Equation 20 
𝑒2+16.0174 = 𝐾(10−4𝑀) 
Equation 21 
𝐾 = 6.68 × 1011 
So the resulting chemisorption isotherm becomes:  
Equation 22 
[
𝜃
1 − 𝜃
] = 6.68 × 1011[𝑋−]𝑒
𝐸
0.0257⁄  
Which agrees with the published isotherm:  
Equation 23 
[
𝜃
1 − 𝜃
] = 5.3 × 1011[𝑋−]𝑒
𝐸
0.022⁄  
The initial constant in the experimental isotherm differs from the published isotherm by 23.0% 
and the percent difference between the two exponential constants is 15.5%. This indicated that 
the experimental setup and materials produced valid results and that testing with iron and 
chalcopyrite could proceed.  
4.3. Iron with Ethyl Xanthate 
To investigate the possibility that surface reactions of the iron on the mineral surface of 
chalcopyrite could be affecting the adsorption of xanthate, experiments were performed using a 
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pure iron electrode. Initial testing of iron was performed at pHs 7-12 with and without xanthate. 
These diagrams can be seen in Appendix A: Voltammograms. The potentials of peaks where 
current is first observed on the iron without xanthate voltammograms, shown in Table V: 
Reaction Voltages for Fe Electrode at pH 7-12, were plotted on the EH-pH diagram for the iron 
in water system in Figure 37.  
 
Figure 37: EH-pH Diagram of Iron in Water with Voltammogram Peaks Plotted against Predominance Areas 
While some of the data points follow closely along the predominance lines, there are a 
series of points that do not follow as well. It is most likely that these current peaks are the result 
of interfering current from the reactions that occur at the water stability lines.  
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Table V: Reaction Voltages for Fe Electrode at pH 7-12 
pH Reaction 1 Reaction 2 Reaction 3 
7 -0.55V - -0.25V 
8 -0.60V - -0.10V 
9 -0.60V -0.48V -0.05V 
10 -0.70V -0.53V -0.10V 
11 -0.80V -0.55V - 
12 -0.80V -0.50V - 
 
The testing revealed that the addition of xanthate to the solution did cause changes in the 
reactions that were occurring at the iron surface. Although the way in which the results varied 
was different for each pH tested, all results had increased current with the addition of the 
xanthate. The results of the testing at pHs 7 and 8 were very similar in both initial 
voltammogram shape and changes due to xanthate addition. 
 
Figure 38: Voltammogram of Iron at pH 7 without Xanthate 
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Figure 39: Voltammogram of Iron at pH 7 with 1X10-4M Xanthate 
 In the pH 7 test without xanthate (Figure 38), the maximum current flow almost reaches 
to 5X10-5 amps and above a potential near -0.1V no reactions occur. This is most likely due to 
the formation of an iron oxide layer at the peak near -0.5V that passivates the surface of the 
electrode preventing other reactions from occurring. By comparing these results to the EH-pH 
diagram in Figure 37, it is thought that this reaction is the formation of Fe(OH)2 from Fe metal. 
When comparing these results to voltammogram generated with 1X10-4M xanthate in solution 
(Figure 39), a significant change was noted. Although there are no immediately noticeable new 
peaks due solely to the addition of xanthate in solution, there is an increase in the current flow at 
the reaction peak formed near -0.5V. Without the xanthate, the current reaches a maximum of 
around 5x10-5 amps but with the addition of xanthate this is increased to 2x10-4 amps indicating 
that the reaction peak has quadrupled in size. Similar results were seen at pH 8 and are shown in 
Appendix A: Voltammograms. 
-3.0E-04
-2.0E-04
-1.0E-04
0.0E+00
1.0E-04
2.0E-04
3.0E-04
-1 -0.5 0 0.5 1
C
u
rr
e
n
t 
(A
)
Potential (V)
55 
 
Figure 40: Voltammogram of Iron at pH 12 without Xanthate 
Again, at pH 12, it is seen that with the addition of xanthate (Figure 41), as compared to 
without xanthate (Figure 40), the maximum current increases from about 3X10-5 A to  
1.25X10-4A, however at pH 12 the change is most noticeable at the reaction corresponding to the 
formation of Fe(OH)3.  
 
Figure 41: Voltammogram of Iron at pH 12 with 1X10-4M Xanthate 
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Similar results were seen at pH 11 as compared to pH 12 even though these 
voltammogram have slightly different shapes than those generated at pHs 7 and 8. As can be 
seen in Figure 40, it seems that above about -0.2V, the voltammogram is relatively flat indicating 
that the surface of the iron has been passivated as was seen earlier at pHs 7 and 8. However, 
below -0.2V, the voltammogram seems to have a rounder shape which is likely because the 
predominance of the Fe will not occur above -0.8V according to the EH-pH diagram so the 
electrode spends more time in the passivating region (Fe(OH)2 and Fe(OH)3 stability regions) 
and overall the reactions occur more gradually and have peaks that are less steep.  
Different results were seen at pHs 9 and 10. The voltammogram generated for iron in pH 
9 buffer in the absence of xanthate is shown in Figure 42. 
 
Figure 42: Voltammogram of Iron at pH 9 without Xanthate 
It is seen that the surface has very little current flow which is likely due to the formation 
of a passivating layer on the iron surface. However, when xanthate is added to the solution 
(Figure 43), above -0.2V the surface of the electrode is continually solubilized. This could be due 
to the formation of an iron xanthate complex but there is not enough thermodynamic data 
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available on any potential iron interactions with xanthate to generate an EH-pH diagram to 
predict the reaction that is occurring.  
 
Figure 43: Voltammogram of Iron at pH 9 with 1X10-4M Xanthate 
Further test work was performed at a tighter potnetial range focused around the region 
where the increased current was seen in conjunction with the Fe(OH)2 formation and these 
diagrams can be seen in Appendix A. An example of these can be seen in Figure 44 and Figure 
45 at pH 10 with and without xanthate respectively.  
 
Figure 44: Voltammogram of Iron at pH 10 in Smaller Potential Range without Xanthate 
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Figure 45: Voltammogram of Iron at pH 10 in Smaller Potential Range with 1X10-4M Xanthate 
The reaction that seems most influenced is the formation of Fe(OH)2 from iron metal, 
even seeming to over shadow, or cover, the reaction corresponding to the formation of Fe(OH)3. 
The current for this reaction is increased at each pH tested when xanthate is added. The 
formation of Fe(OH)2 passivates the surface of the iron electrode causing the long potential range 
where no current is seen. It is possible that in this region FeX2,  an iron dixanthogen species, is 
formed and causes additional current to be seen in the voltammogram. It is also possible that the 
xanthate acts as a catalyst for the formation of Fe(OH)2  or even partially solubilizes this species 
leading to additional current being measured. Further studies using different analytical 
techniques would be required to confirm these suppositions.  
 Although there is an increase in current, it is thought that the xanthate in solution is 
reacting with an iron surface species to prolong passivation rather than adsorbing to the surface 
of the iron, therefore study with iron and ethyl xanthate was not pursued any further.  
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4.4. Chalcopyrite with Ethyl Xanthate 
Initial testing with the chalcopyrite mineral electrode involved examining the range from 
-1V to 1V vs. SHE at pHs 7-12. As before, the results were compared to mass balanced EH-pH 
diagrams where the observed reactions were plotted against the changes in predominant species. 
The EH-pH diagram used for comparison was generated using StabCal version 9.1 (a program 
developed by Dr. Huang at Montana Tech) and the free energy data published by Forssberg 
(1984) and Young (1995) that can be seen in Appendix C: Thermodynamic Data. For the 
experiments performed in the absence of xanthate, the potentials at which reactions were seen for 
pHs 7-12 are shown in Table VI. As can be seen Figure 46: EH-pH diagram of Chalcopyrite with 
Voltammogram Peak Voltages, the experimental data matches up reasonably well with the 
reactions expected at the predominance lines for the chalcopyrite mineral in the absence of 
xanthate.  
 
Figure 46: EH-pH Diagram of Chalcopyrite with Voltammogram Peak Voltages 
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Table VI: Reaction Voltages for Chalcopyrite Electrode at pH 7-12 
pH Reaction 1 Reaction 2 Reaction 3 Reaction 4 
7 -0.68V -0.44V -0.04V 0.36V 
8 -0.76V - -0.06V 0.34V 
9 -0.72V - 0.04V 0.56V 
10 -0.76V -0.52V -0.18V 0.28V 
11 -0.76V -0.30V 0.00V 0.28V 
12 -0.86V -0.44V 0.06V 0.46V 
 
 
Figure 47: Voltammogram of Chalcopyrite at pH 8 without Xanthate 
The voltammogram for chalcopyrite without xanthate at pH 8 is shown in Figure 47. The 
peaks are all labeled with their corresponding changes in predominant species. When comparing 
Figure 47 to Figure 13: Voltammogram of Chalcopyrite Studies Performed by 
Ghahremaninezhad (2012) similar regions of current are observed. The peak around 0V 
corresponds to a group of peaks in Figure 13 and the peaks seen at 0.5V corresponds to the peak 
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near 0.6V denoting the reaction of Cu(OH)2 being formed from CuOH. These voltammograms 
are similar but the published voltammogram appears to have better resolution in its test which 
could be due to a purer mineral sample or a more advanced and precise experimental setup. The 
voltammograms for pHs 7, 9, 10, 11, and 12 are similar voltammograms which suggests that the 
reactions will be the same but they will occur at slightly shifted potentials due to the changes in 
pH between experiments. These voltammograms are displayed in Appendix A. Figure 48 
demonstrates that at this large potential scan range, any changes in current flow due to the 
addition of xanthate are not apparent.  
 
Figure 48: Voltammogram of Chalcopyrite at pH 8 in 1X10-4M Xanthate 
It can be concluded that the xanthate does not appear to react with Fe in the chalcopyrite 
mineral like it did with Fe metal since significant increases in peak currents were absent. 
However, this does not preclude that the xanthate is reacting with the Cu in the mineral matrix 
yielding low currents as it did with the Cu metal. To further study any effects of the addition of 
xanthate to the solution, additional testing was pursued in smaller potential regions near the 
expected chemisorption reaction.  
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It was expected that the chemisorption of xanthate onto chalcopyrite would occur in a 
similar region to that of copper, as shown previously, and of chalcocite, as shown by Woods, 
Yoon, and Young (1988), so the focus of the following test work was the region near -0.4V vs 
SHE. Baseline tests were developed without xanthate at a potential scan range of 0V to -0.65V as 
shown in Figure 49 - Figure 54 at pH 7-12 respectively. Looking at Figure 46: EH-pH diagram of 
Chalcopyrite with Voltammogram Peak Voltages, it is expected that in this potential scan range, 
for pH 7 there should be virtually no reaction occurring, for pHs 8, 9, and 10 the reaction of Cu2S 
forming CuFeS2 in the negative scan direction should be apparent and for pHs 11 and 12 there 
should be two peaks corresponding to the formation of Cu2S from CuOH and the subsequent 
formation of CuFeS2 from Cu2S at the surface of the chalcopyrite electrode.  
 
Figure 49: Voltammogram of Chalcopyrite at pH 7 in Anodic Potential Range without Xanthate 
In Figure 49 the results are as expected with virtually no current flow in the smaller 
potential scan range. The initial scan shows a prewave which is likely due to the removal of a 
small layer of oxidation on the chalcopyrite surface.  
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Figure 50: Voltammogram of Chalcopyrite at pH 8 in Anodic Potential Range without Xanthate 
Because these voltammograms were generated by starting at a potential near 0V and then 
scanned negatively, the cathodic reaction of the formation of CuFeS2 from Cu2S will be seen 
rather than the reverse. In Figure 50, in the first cycle some current is seen, but it is not until pH 
9 (Figure 51) and pH 10 (Figure 52) that a distinct peak seen in the voltammograms.  
 
Figure 51: Voltammogram of Chalcopyrite at pH 9 in Anodic Potential Range without Xanthate 
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Figure 52: Voltammogram of Chalcopyrite at pH 10 in Anodic Potential Range without Xanthate 
At pHs 11 and 12 two peaks are expected: one corresponding to the formation of Cu2S 
from CuOH and the subsequent formation of CuFeS2 from Cu2S. What is apparent in Figure 53 
and Figure 54, however, is that only one peak is seen just below -0.4V, namely the formation of 
CuFeS2. It is possible, however, that the initial decline in the current and gradual negative slope 
near -0.1V is the reaction forming Cu2S proceeding slowly. 
 
Figure 53: Voltammogram of Chalcopyrite at pH 11 in Anodic Potential Range without Xanthate 
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Figure 54: Voltammogram of Chalcopyrite at pH 12 in Anodic Potential Range without Xanthate 
In order to determine if there exists a region where xanthate chemisorbs to the 
chalcopyrite surface, xanthate was then added into solution and the experiments performed in the 
scan range of 0V to –0.65V were repeated.  
A single phase EH-pH diagram of the chalcopyrite-xanthate-water system was generated 
using the data from Appendix C and can be seen in Figure 55. It is important to note that in the 
potential range of 0 to -0.65V, CuX formation does not predominate. Also recall from Figure 33: 
EH-pH Diagram of 1X10
-4M Ethyl Xanthate in Water that the monovalent xanthate ion is stable 
at this potential range while dixanthogen, X2, is stable above potentials near 0.2V. From these 
predictions it is likely that any additional current present in the voltammograms for pHs 7-12 
shown in Figure 56 - Figure 61 is due to the chemisorption of xanthate onto the chalcopyrite 
surface.  
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Figure 55: Mass Balanced EH-pH Diagram of Chalcopyrite in 1X10-4M Xanthate 
At pH 7, virtually no change is seen between the voltammogram generated in the 
presence of xanthate and that generated in its absence.  
 
Figure 56: Voltammogram of Chalcopyrite at pH 7 in Anodic Potential Range with 1X10-4M Xanthate 
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At pH 8 there starts to be some additional current flow with the addition of xanthate, 
especially in the first cycle.  
 
Figure 57: Voltammogram of Chalcopyrite at pH 8 in Anodic Potential Range with 1X10-4M Xanthate 
In Figure 58, it can clearly be seen that more current is generated in the test performed at 
a xanthate concentration of 1X10-4M KEX than in the test performed in just the pH 9 buffer. In 
the first scan the current magnitude increased from -1.4X10-4A to -2X10-4A with the addition of 
KEX. Even in the subsequent cycles the current magnitude still increased from -5X10-5A to 
-7.5X10-5A with the addition of xanthate. 
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Figure 58: Voltammogram of Chalcopyrite at pH 9 in Anodic Potential Range with 1X10-4M Xanthate 
At pH 10 (Figure 59) there is still increased current magnitude with the addition of 
xanthate but it does not form as defined of a peak as was seen at pH 9. This is also the case at pH 
11 as shown in Figure 60.  
 
Figure 59: Voltammogram of Chalcopyrite at pH 10 in Anodic Potential Range with 1X10-4M Xanthate 
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Figure 60: Voltammogram of Chalcopyrite at pH 11 in Anodic Potential Range with 1X10-4M Xanthate 
At pH 12 (Figure 61) the difference in current magnitude begins to decrease resulting in a 
voltammogram almost identical to its xanthate free counterpart.  
 
Figure 61: Voltammogram of Chalcopyrite at pH 12 in Anodic Potential Range with 1X10-4M Xanthate 
Because the most distinct increase in current was seen at pH 9 and it is known that peak 
flotation of chalcopyrite in xanthate solutions occurs near pH 9, additional tests were run at this 
pH to determine at what starting potentials the xanthate adsorption reaction is no longer 
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observed. Because there were no additional peaks due to the addition of xanthate in solution, but 
instead just additional current seen on an existing peak, it is though that the xanthate adsorption 
reaction is being compounded and unable to be distinguished from the CuFeS2 formation 
reaction. In order to distinguish where the xanthate or compound xanthate reaction no longer 
occurs, the initial scan potential was incrementally decreased until the reaction was no longer 
seen. Voltammograms generated at initial potentials of 0V, -0.05V, -0.1V can be seen in Figure 
62 - Figure 64. For these three starting potentials the reaction is still observed.  
 
Figure 62: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of 0V 
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Figure 63: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of -0.05V 
 
Figure 64: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of -0.10V 
It is expected that at pH 9, the Cu2S on the surface of the chalcopyrite will begin to form 
CuFeS2 near a potential of -0.16V vs SHE. In the voltammograms of CuFeS2 in 1X10
-4M 
xanthate shown in Figure 62 -Figure 68 this is clearly seen with the initial reaction potential 
occurring around -0.15V vs SHE. The difference between these voltammograms and the 
voltammograms of CuFeS2 without xanthate in solution (Figure 51) is an increase in the current.  
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Figure 65: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of -0.15V 
In the test where the initial potential was -0.1V (Figure 64), the peak current was 
observed at 2X10-4 amps while the voltammogram generated without xanthate at pH 9 shows a 
peak at the same potential with an amplitude of 1.5X10-4 amps. As the initial potential tends 
toward -0.3V, less current is observed at the reaction peak of interest, which corresponds to a 
decrease in xanthate chemisorption at the mineral surface, evidenced in Figure 66 - Figure 68.  
 
Figure 66: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of -0.20V 
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Figure 67: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of -0.25V 
 
Figure 68: Voltammogram of Chalcopyrite at pH 9 in 1X10-4M KEX at Initial Scan Potential of -0.30V 
Testing at pH 9 was performed by changing the starting potential from 0 to -0.3V vs. 
SHE in increments of -0.05V until the xanthate chemisoption reaction was no longer observed, 
which occurred at an initial potential of -0.25V. This is the same potential at which Woods, 
Young, and Yoon (1990) were no longer able to observe the xanthate chemisorption reaction on 
the mineral chalcocite (Cu2S). This is not surprising considering that Cu2S is an oxidation 
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product of chalcopyrite as shown by the EH-pH  diagram. The disappearance of the xanthate 
chemisorption reaction at the same voltage as was seen on chalcocite reaction suggests that the 
chemisorption of xanthate occurs only on the chalcocite surface precipitate formed from the 
chalcopyrite mineral matrix. 
Additional tests tests were repeated at pHs 7, 9, and 11 with and without xanthate to 
confirm this increase in current due to the presence of xanthate in solution and to determine if 
Cu2S is the surface onto which the chalcopyrite is adsorbing. These scans were performed at a 
potential scan range of -0.05V to -0.6V both in the absence of xanthate and at a xanthate 
concentration of 1X10-4M KEX. Overlays in Figure 69 - Figure 71 display the difference due to 
xanthate at pH 9 but clearly show that no changes occur at pH 7 or 11.  
 
Figure 69: Comparison of Chalcopyrite at pH 7 with and without 1X10-4M Xanthate 
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Figure 70: Comparison of Chalcopyrite at pH 11 with and without 1X10-4M Xanthate 
 
Figure 71: Comparison of Chalcopyrite at pH 9 with and without 1X10-4M Xanthate 
The EH-pH  diagram in Figure 72 shows the chalcopyrite-xanthate-water system with the 
potential scan ranges plotted from the tests performed at pHs 7, 9, and 11. This diagram shows 
that at an initial test potential of -0.05V vs. SHE, Cu2S is stable at pH 9 but at pH 11 CuOH is 
the predominanat surface species and at pH 7 CuFeS2 predominates. This suggests that the 
chemisorption of xanthate ions onto chalcopyrite is due to its surface oxidizing to Cu2S and 
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xanthate chemisorbing onto the Cu2S. When the initial scan potential was in the CuFeS2 stability 
region at pH 7, there was no formation of Cu2S at the surfae of the mineral electrode and 
therefore no chemisorption of xanthate occurred. At pH 11, although the scan path did travel 
through a region of Cu2S stability, there was no change in the current peak when xanthate was 
added. This is likely because the CuOH formed on the surface of the chalcopyrite formed a 
passivating layer preventing the Cu2S formation at the surface. This is consistent with Figure 53 
and Figure 54 where only one reaction was seen in the voltammograms at pHs 11 and 12 without 
xanthate and the predicted formation of Cu2S was not observed. The CuOH that was formed 
passivated the surface of the chalcopyrite mineral preventing the Cu2S formation and subsequent 
xanthate chemisorption. 
 
Figure 72: EH-pH Diagram of Chalcopyrite with Voltammetry Scan Ranges Plotted against Predominance 
Areas 
The amount of current flowing from the reaction of Cu2S and that of xanthate adsorbing 
onto that surface can be quantified by finding the area above the individual curves in Figure 71. 
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Theses areas correspond to the amount of current flowing per reaction and can be used to 
quantify the amounts of the precipitated surface species that were formed. 
For the reaction of chalcopyrite forming Cu2S, there are two probable reactions: 
Equation 24 
6𝐻2𝑂 + 2𝐶𝑢𝐹𝑒𝑆2 + 6𝑒
−  ↔  𝐶𝑢2𝑆 + 3𝑆
° + 2𝐹𝑒(𝑂𝐻)3 + 6𝐻
+ 
Equation 25 
4𝐻2𝑂 + 2𝐶𝑢𝐹𝑒𝑆2 + 4𝑒
−  ↔  𝐶𝑢2𝑆 + 3𝑆
° + 2𝐹𝑒(𝑂𝐻)2 + 4𝐻
+ 
The difference between these two reactions is the oxidation state of the iron in the iron 
hydroxide surface species formed. Because the scan region for this test work passes through 
regions for both Fe(OH)2 and Fe(OH)3 predominace it cannot be definitively ascertained which 
surface species is formed so calculations for both reactions will be performed. It is likely that 
some mixture of Fe(OH)2 and Fe(OH)3 is being formed.  
As predicted earlier, the most probable xanthate reaction is:  
Equation 26 
𝑋− ↔  𝑒− + 𝑋𝑎𝑑𝑠  
For pH 9, the area of the curve without xanthate was 380 units2 and the additional area 
generated from the addition of xanthate into the solution was 26 units2. In the voltammogram, 
each 0.1V corresponds to 15 units and each 1x10-4amps corresponds to 15 units. So by noting 
that an amp is coulomb per second (C/s) the area is divided by the scan rate and by applying the 
molar ratio of electrons to Cu2S from Equation 24, the moles of Cu2S formed were calculated:  
Equation 27 
380 𝑈𝑛𝑖𝑡𝑠2
×
0.1𝑉
15 𝑈𝑛𝑖𝑡𝑠
×
1 × 10−4𝐶/𝑆
15 𝑈𝑛𝑖𝑡𝑠
×
1 𝑠𝑒𝑐
15𝑚𝑉
×
1000𝑚𝑉
1 𝑉
×
1 𝑚𝑜𝑙 𝑒−
9.6485 × 104 𝐶
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Equation 28 
=
1.16694 𝑚𝑜𝑙𝑒𝑠 𝑒−
 ×  
1 𝑚𝑜𝑙𝑒 𝐶𝑢2𝑆
6 𝑚𝑜𝑙𝑒𝑠 𝑒−
= 1.95 × 10−9𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑢2𝑆 
The same calculation was applied to the reaction in Equation 25 to give a result of 2.97 X 
10-9 moles of Cu2S formed. Likewise, the calculation for xanthate yielded 7.98 X 10
-10 moles of 
chemisorbed xanthate formed using the additional area generated by adding xanthate into 
solution. By dividing the amount of chemisorbed xanthate by the amout of Cu2S formed, the 
molar surface coverage can be calculated. For the first reaction the molar surface coverage was 
found to be 41.1% and that of the second reaction was found to be 27.4%.  
To predict the surface area required for the adsorption of xanthate onto the Cu2S, models 
of ethyl xanthate molecules were generated using Spartan Wavefunction software. To employ 
these theoretical calculations, the Hartree-Fock method was used with a 3-21G basis set. Figure 
73 shows the ball and stick model of ethyl xanthate while Figure 74 shows the space filling 
model. Using these predicted models, the distance between the atoms, and atomic radii can be 
used to estimate the surface area required for adsorption. 
 
Figure 73: Spartan Ball and Stick Model of Ethyl Xanthate 
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Figure 74: Spartan Space Filling Model of Ethyl Xanthate 
The distance between the centers of the two sulfur atoms in ethyl xanthate was found to 
be 3.044Å. Using an atomic radius of 1.05Å for sulfur, the total adsorption diameter is 5.14Å 
which corresponds to an area of adsorption of 20.8Å2. These predictions agree with the literature 
which shows that the area of surface that is accessible for intermolecular contact in the S-S atoms 
of a xanthate molecule is 19.2Å2 (Liu, 2014). In a Cu2S lattice, there is one Cu atom per 22.81 Å
2 
(Evans, 1979). Using this information, the surface areas of the Cu2S available for adsorption 
were 5.35 X 10-4 m2 and 8.01 X 10-4 m2 for each of the respective reactions. The surface area of 
xanthate formed was found to be 1.11 X 10-4 m2. Using this data, the percent surface area 
coverages were found to be 20.7% and 13.9% respectively. These coveragess are high enough to 
account for increased flotation recoveries of the chalcocite. Woods, Yoon, and Young (1990), for 
example, noted that chalcocite had 50% recovery at just 20% surface coverage and 90% recovery 
at 50% surface coverage. It is unsure, however, if these coverages would be sufficient to aid in 
the flotation of the entire chalcopyrite mineral. 
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4.5. Raman Spectroscopy 
4.5.1. Introduction 
In an attempt to more definitively prove that a layer of chemisorbed xanthate was 
forming on the surface of the chalcopyrite mineral, test work with Raman Spectroscopy was 
performed. Raman Spectroscopy is an analytical technique that detects changes in energy of 
scattered monochromatic light after it has interacted with the molecules of interest. By measuring 
the energy changes of the scattered light, the frequencies of the vibration modes of a molecule 
can be determined and molecular structure can be ascertained. If changes in the vibrational 
spectra of chalcopyrite are seen after the addition of xanthate to solution, then it can be 
determined if xanthate is being chemisorbed onto the chalcopyrite surface. 
4.5.2. Baseline Testing 
Initial testing was performed on the chalcopyrite mineral sample to develop the baseline 
for comparison with future test work. All tests were performed using 785nm monochromatic 
laser light. Figure 75 shows a reference spectrum for the expected peaks of pure chalcopyrite. As 
shown, there should be a sharp, high intensity peak near 300cm-1 with two low intensity peaks at 
330cm-1 and 380cm-1.  
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Figure 75: Reference Spectrum for Chalcopyrite at 785nm 
When comparing this to the spectrum generated for the mineral sample of chalcopyrite 
from Butte, MT, the peaks are seen but they have different relative intensities. There is also 
much more noise in the experimental spectrum which is as to be expected for a natural mineral 
sample out of solution. 
 
Figure 76: Dry Mineral Sample of Chalcopyrite at 785nm 
A reference spectrum for ethyl xanthate is shown in Figure 77. The peak near 2800cm-1 is 
indicative of organic species and corresponds to the stretching vibration of the carbon hydrogen 
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bonds. Other indicative peaks include the split peak at 650cm-1 and 700cm-1 as well as the group 
of peaks near 1100cm-1. Both reference spectra in Figure 75 and Figure 77 were collected at 
Griffith University in Brisbane, Australia using known samples. The entirety of the Raman 
experimental data for this research was gathered at Griffith University. 
 
Figure 77: Reference Spectrum for Ethyl Xanthate at 785nm 
4.5.3.  Chalcopyrite with Ethyl Xanthate 
Initial test work performed at 1X10-4M xanthate showed no change in the spectra 
collected. All pertinent spectra generated can be seen in Appendix D. Figure 78 shows the 
spectrum collected for chalcopyrite at pH 9 and 0V in 1X10-4M ethyl xanthate. None of the 
characteristic peaks for ethyl xanthate are seen.  
 
Figure 78: Raman Spectrum of Chalcopyrite at pH 9 and 0V vs SHE and 1X10-4M Potassium Ethyl Xanthate 
at 785nm 
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When no change was seen with the addition of 1X10-4M xanthate, excess KEX was 
added into solution and the potential was held at 0V for 5 minutes before the spectrum was 
collected and the collection range was expanded to include up to 3000cm-1. No obvious 
differences were seen in the spectrum presented in Figure 79. Although some small peaks are 
seen near 800-900cm-1, because there is no evidence of a peak at 2800cm-1 it is likely that these 
peaks are due to the various surface species on the chalcopyrite mineral.  
 
Figure 79: Raman Spectrum of Chalcopyrite at pH 9 and 0V vs. SHE with Excess Potassium Ethyl Xanthate 
at 785nm 
It was then attempted to enhance the evidence of any xanthate peaks by adding a silver 
colloid to the surface of the chalcopyrite. Again no peaks due to chemisorbed xanthate were seen 
in Figure 80. The only noticeable difference was seen from 1500-2500cm-1 where a large broad 
peak is observed due to the silver colloid. This is consistent with results shown in previous 
literature studies where the silver colloid was employed to enhance the Raman signal. 
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Figure 80: Raman Spectrum of Chalcopyrite at pH 9 and 0Vvs SHE with 1X10-3M KEX and Ag Colloid at 
785nm 
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5. Conclusions 
Although there is knowledge that xanthate can be used to increase the flotation recovery 
of chalcopyrite there is still uncertainty as to the exact nature of the surface chemistry and to all 
the areas in which xanthate might be interacting with the chalcopyrite surface. It is known and 
easily observed that chemisorption of xanthate occurs on copper surfaces. The adsorption 
isotherm generated clearly demonstrates this and corroborates previous studies displaying 
evidence of this. The reactions of iron with ethyl xanthate are a little researched and uncertain 
topic. It was shown that xanthate does have an impact on the reaction that will occur in solution 
with pure iron. This reaction is thought to be an artifact of the Fe(OH)2 formation instead of 
corresponding to the chemisorption of xanthate. Additional test work with different analytical 
methods would need to be employed in order to say with more certainty the role iron plays in 
chalcopyrite-xanthate reactions. Although it was not demonstrated using the Raman 
Spectroscopy, this research shows evidence that the chemisorption of xanthate onto a 
chalcopyrite surface will occur in regions were Cu2S have formed on the chalcopyrite surface. At 
pH 9 it was shown that this reaction occurs in the range of 0V to -0.2V versus SHE. The 
conclusions drawn from this research have been submitted to SAIMM for their 2015 Copper 
Cobalt conference and the draft of this paper is attached in Appendix E. 
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6. Recommendations and Future Work 
One thing that could be done to better understand the reaction of chalcopyrite with ethyl 
xanthate is to perform further testing on pure iron surfaces. Although this work may not be as 
commercially applicable as testing with chalcopyrite minerals, it may provide information that 
could lead to a better understanding of the reactions happening with the iron in the chalcopyrite 
lattice. If this course of action were to be pursued it is recommended that the testing be focused 
in pH regions 9 and 10 and at anodic solution potential.  
Another area worth investigating is the reactions of a chalcopyrite surface with different 
xanthates. The chain length of xanthates has been proven to affect the surface adsorption and 
flotation of chalcopyrite so the changing of the adsorbate would be sure to impact the 
chemisorption results. Another factor affecting the flotation of copper sulfides with xanthates is 
the amount of branching in the alky chains on the xanthate molecules which has been shown to 
affect xanthate solubility. If the xanthate choice was to be further investigated it is recommended 
that methyl, amyl, and octyl xanthates be investigated along with a branched chain alky xanthate 
such as isopropyl xanthate.  
Finally, other copper sulfide minerals could be tested with xanthates. Bornite is a copper 
iron sulfide mineral similar to chalcopyrite but with a more varied crystal structure so the surface 
chemistry reactions are more complex. Another emerging interest in copper sulfides is the 
presence of arsenic and antimony in chalcopyrite. It is important to understand the flotation of 
these minerals in order to avoid harmful impurities in the final product. To study these types of 
reactions it is recommended that tennantite and tetrahedrite be studied.  
In order to go beyond cyclic voltammetry to definitively see what chemical species are 
forming on the mineral surface, different analytical techniques could be employed such as 
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additional work with Raman Spectroscopy or studies involving XPS. These are just a couple 
possible ways to more clearly see what might be happening at the chalcopyrite mineral surface 
when it comes in contact with xanthate.  
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Appendix A: Voltammograms 
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rr
e
n
t 
(A
)
Potential (V)
Cu Without KEX pH 7 Hydrion pH Buffer 
-1V to 1V 15mV/s Three Cycles
-1.2E-05
-1.0E-05
-8.0E-06
-6.0E-06
-4.0E-06
-2.0E-06
0.0E+00
2.0E-06
4.0E-06
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Cu Without KEX pH 8 Hydrion pH Buffer 
-1V to 1V 15mV/s Three Cycles
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-1.4E-05
-1.2E-05
-1.0E-05
-8.0E-06
-6.0E-06
-4.0E-06
-2.0E-06
0.0E+00
2.0E-06
4.0E-06
6.0E-06
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Cu Without KEX pH 9 Hydrion pH Buffer 
-1V to 1V 15mV/s Three Cycles
-1.0E-05
-8.0E-06
-6.0E-06
-4.0E-06
-2.0E-06
0.0E+00
2.0E-06
4.0E-06
6.0E-06
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Cu Without KEX pH 10 Hydrion pH Buffer 
-1V to 1V 15mV/s Two Cycles
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-1.2E-05
-1.0E-05
-8.0E-06
-6.0E-06
-4.0E-06
-2.0E-06
0.0E+00
2.0E-06
4.0E-06
6.0E-06
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Cu Without KEX pH 11 Hydrion pH Buffer 
-1V to 1V 15mV/s Two Cycles
-2.0E-05
-1.5E-05
-1.0E-05
-5.0E-06
0.0E+00
5.0E-06
1.0E-05
1.5E-05
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Cu Without KEX pH 12 Hydrion pH Buffer 
-1V to 1V 15mV/s Three Cycles
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-3.5E-04
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 7 
-1V to 1V 15mV/s Three Cycles
-3.0E-04
-2.0E-04
-1.0E-04
0.0E+00
1.0E-04
2.0E-04
3.0E-04
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 7 
-1V to 1V 15mV/s Three Cycles
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-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 8 
-1V to 1V 15mV/s Three Cycles
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 8 
-1V to 1V 15mV/s Three Cycles
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-4.0E-04
-3.5E-04
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
-2.0E-19
5.0E-05
1.0E-04
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 9 
-1V to 1V 15mV/s Three Cycles
-2.0E-03
0.0E+00
2.0E-03
4.0E-03
6.0E-03
8.0E-03
1.0E-02
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 9 
-1V to 1V 15mV/s Three Cycles
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-3.5E-04
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 10 
-1V to 1V 15mV/s Three Cycles
-2.0E-03
-1.0E-03
0.0E+00
1.0E-03
2.0E-03
3.0E-03
4.0E-03
5.0E-03
6.0E-03
7.0E-03
8.0E-03
9.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 10 
-1V to 1V 15mV/s Three Cycles
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-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 11 
-1V to 1V 15mV/s Three Cycles
-4.0E-04
-3.0E-04
-2.0E-04
-1.0E-04
0.0E+00
1.0E-04
2.0E-04
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 11 
-1V to 1V 15mV/s Three Cycles
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-1.2E-04
-1.0E-04
-8.0E-05
-6.0E-05
-4.0E-05
-2.0E-05
0.0E+00
2.0E-05
4.0E-05
6.0E-05
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 12 
-1V to 1V 15mV/s Three Cycles
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 12 
-1V to 1V 15mV/s Three Cycles
108 
 
 
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 7 
-0.65V to 0V 15mV/s Three Cycles
-8.0E-05
-6.0E-05
-4.0E-05
-2.0E-05
0.0E+00
2.0E-05
4.0E-05
6.0E-05
8.0E-05
1.0E-04
1.2E-04
1.4E-04
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 7 
-0.6V to 0V 15mV/s Three Cycles
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-1.0E-04
-8.0E-05
-6.0E-05
-4.0E-05
-2.0E-05
0.0E+00
2.0E-05
4.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 8 
-0.65V to 0V 15mV/s Three Cycles
-3.0E-05
-2.0E-05
-1.0E-05
0.0E+00
1.0E-05
2.0E-05
3.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 8 
-0.6V to 0V 15mV/s Three Cycles
110 
 
 
-4.0E-05
-3.0E-05
-2.0E-05
-1.0E-05
0.0E+00
1.0E-05
2.0E-05
3.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 9 
-0.6V to 0V 15mV/s Three Cycles
-4.0E-05
-2.0E-05
0.0E+00
2.0E-05
4.0E-05
6.0E-05
8.0E-05
1.0E-04
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 9 
-0.6V to 0V 15mV/s Three Cycles
111 
 
 
-2.0E-05
-1.5E-05
-1.0E-05
-5.0E-06
0.0E+00
5.0E-06
1.0E-05
1.5E-05
2.0E-05
2.5E-05
3.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 10 
-0.6V to 0V 15mV/s Three Cycles
-3.0E-05
-2.0E-05
-1.0E-05
0.0E+00
1.0E-05
2.0E-05
3.0E-05
4.0E-05
5.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 10 
-0.6V to 0V 15mV/s Three Cycles
112 
 
 
-2.0E-05
-1.5E-05
-1.0E-05
-5.0E-06
0.0E+00
5.0E-06
1.0E-05
1.5E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 11 
-0.6V to 0V 15mV/s Three Cycles
-2.0E-05
-1.5E-05
-1.0E-05
-5.0E-06
0.0E+00
5.0E-06
1.0E-05
1.5E-05
2.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 11 
-0.6V to 0V 15mV/s Three Cycles
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-3.0E-05
-2.0E-05
-1.0E-05
0.0E+00
1.0E-05
2.0E-05
3.0E-05
4.0E-05
5.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe Without KEX pH 12 
-0.6V to 0V 15mV/s Three Cycles
-2.0E-05
-1.0E-05
0.0E+00
1.0E-05
2.0E-05
3.0E-05
4.0E-05
-0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05
C
u
rr
e
n
t 
(A
)
Potential (V)
Fe With 1E-4M KEX pH 12 
-0.6V to 0V 15mV/s Three Cycles
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-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 7
-1V to 1V 15mV/s Six Cycles
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 7
-1V to 1V 15mV/s Three Cycles
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-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 8
-1V to 1V 15mV/s Six Cycles
-8.0E-04
-6.0E-04
-4.0E-04
-2.0E-04
0.0E+00
2.0E-04
4.0E-04
6.0E-04
8.0E-04
1.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 8
-1V to 1V 15mV/s Three Cycles
116 
 
 
 
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
2.5E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 9
-1V to 1V 15mV/s Six Cycles
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 9
-1V to 1V 15mV/s Three Cycles
117 
 
 
 
-2.0E-03
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
2.5E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 10
-1V to 1V 15mV/s Six Cycles
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 10
-1V to 1V 15mV/s Three Cycles
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-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 11
-1V to 1V 15mV/s Six Cycles
-1.0E-03
-8.0E-04
-6.0E-04
-4.0E-04
-2.0E-04
0.0E+00
2.0E-04
4.0E-04
6.0E-04
8.0E-04
1.0E-03
1.2E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 11
-1V to 1V 15mV/s Three Cycles
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-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 12
-1V to 1V 15mV/s Six Cycles
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
1.5E-03
2.0E-03
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 12
-1V to 1V 15mV/s Three Cycles
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-3.5E-04
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 7
-0.65V to 0V 15mV/s Three Cycles
-4.0E-04
-3.5E-04
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 7
-0.65V to 0V 15mV/s Three Cycles
121 
 
 
 
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 8
-0.65V to 0V 15mV/s Three Cycles
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 8
-0.65V to 0V 15mV/s Three Cycles
122 
 
 
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 9
-0.65V to 0V 15mV/s Three Cycles
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 9
-0.65V to 0V 15mV/s Three Cycles
123 
 
 
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 10
-0.65V to 0V 15mV/s Three Cycles
-5.0E-04
-4.0E-04
-3.0E-04
-2.0E-04
-1.0E-04
0.0E+00
1.0E-04
2.0E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 10
-0.65V to 0V 15mV/s Three Cycles
124 
 
 
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 11
-0.65V to 0V 15mV/s Four Cycles
-6.0E-04
-5.0E-04
-4.0E-04
-3.0E-04
-2.0E-04
-1.0E-04
0.0E+00
1.0E-04
2.0E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 With 1E-4M KEX pH 11
-0.65V to 0V 15mV/s Three Cycles
125 
 
 
 
-3.0E-04
-2.5E-04
-2.0E-04
-1.5E-04
-1.0E-04
-5.0E-05
0.0E+00
5.0E-05
1.0E-04
1.5E-04
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C
u
rr
e
n
t 
(A
)
Potential (V)
CuFeS2 Without KEX pH 12
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Appendix B: Tabulated Reaction Potentials 
Reaction peaks seen for the copper electrode in the absence of xanthate. 
pH Reaction 1 Reaction 2 
7 0.10V - 
8 0.05V - 
9 0.00V 0.20V 
10 -0.10V 0.14V 
11 -0.10V 0.12V 
12 -0.15V 0.06V 
 
Reaction peaks seen for the iron electrode in the absence of xanthate. 
pH Reaction 1 Reaction 2 Reaction 3 
7 -0.55V - -0.25V 
8 -0.60V - -0.10V 
9 -0.60V -0.48V -0.05V 
10 -0.70V -0.53V -0.10V 
11 -0.80V -0.55V - 
12 -0.80V -0.50V - 
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Reaction peaks seen for the chalcopyrite electrode in the absence of xanthate. 
pH Reaction 1 Reaction 2 Reaction 3 Reaction 4 
7 -0.68V -0.44V -0.04V 0.36V 
8 -0.76V - -0.06V 0.34V 
9 -0.72V - 0.04V 0.56V 
10 -0.76V -0.52V -0.18V 0.28V 
11 -0.76V -0.30V 0.00V 0.28V 
12 -0.86V -0.44V 0.06V 0.46V 
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Appendix C: Thermodynamic Data 
Species ΔG (kcal) 
H2O 0 L -56.68 
H + A 0.00 
Cu + A 11.98 
R – A 0.00 
HS – A -6.66 
Fe 3+ A -1.12 
Cu 2+ A 15.48 
Cu2OH 3+ A -16.22 
Cu3(OH)4 2+ A -151.38 
CuOH + A -30.80 
CuS 0 A 22.36 
Cu(OH)2 0 S -85.02 
Cu2(OH)2 0 A -68.34 
Cu(OH)2 0 A -79.19 
Cu(OH)3 - A -118.05 
Cu(OH)4 2- A -156.70 
R2 0 A 3.46 
HR 0 A -2.07 
Fe 2+ A -18.89 
S2O3 2- A -124.22 
S4O6 2- A -244.76 
O2 0 A 3.95 
HS2O3 - A -126.41 
HSO3 – A -97.53 
SO3 2- A -87.74 
FeOH + A -62.60 
FeOH 2+ A -54.81 
Fe(OH)2 + A -106.70 
Fe(OH)4 - A -198.36 
Fe2(OH)2 4+ A -111.64 
Fe3(OH)4 5+ A -221.47 
H2CO3 0 A -148.92 
HCO3 – A -140.26 
CO3 2- A -126.16 
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CuCO3 0 A -119.77 
Cu(CO3)2 2- A -250.26 
Ca 2+ A -132.31 
CaOH + A -171.66 
CaCO3 0 A -262.77 
CaHCO3 + A -273.93 
SO4 2- A -105.57 
HSO4 – A -108.28 
Cu 0 S 0.04 
CuO 0 S -30.60 
CuOH 0 S -34.63 
CuFeS2 0 S -45.59 
CuS 0 S -11.78 
Cu2S 0 S -20.79 
Fe(OH)2 0 S -114.64 
Fe(OH)3 0 S -166.78 
S 0 S -0.16 
R2 0 S -3.23 
CuR 0 S -14.35 
CuR2 0 S -15.89 
FeS 0 S -21.73 
FeR3 0 S -29.81 
FeR2 0 S -28.94 
FeCO3 0 S -159.62 
CuCO3 0 S -123.70 
Cu2(OH)2CO3 0 S Malachite -216.20 
Cu3(OH)2(CO3)2 0 S Azurite -343.37 
Ca(OH)2 0 S -214.54 
CaCO3 0 S Calcite -269.87 
CaSO4 0 S -244.18 
H2S 0 A 2.88 
S 2- A 20.50 
R2 0 L -2.77 
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Appendix D: Raman Spectroscopy 
Below is the micrograph of the chalcopyrite mineral sample at 20X collected using a Raman 
Spectrometer. 
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Below is the Raman Spectrum of the chalcopyrite mineral sample in solution at pH 9 and -1V 
with no xanthate in solution. 
 
 
Below is the Raman Spectrum collected from the chalcopyrite mineral sample in solution at pH 9 
and 0V in the absence of xanthate. 
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Below is the Raman spectrum collected from the chalcopyrite mineral sample in pH 9 solution at 
0V and 1X10-4M potassium ethyl xanthate.
 
Below is the Raman spectrum collected for the chalcopyrite mineral sample in solution at pH 9 
and 0V with excess potassium ethyl xanthate in solution. 
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Below is the Raman spectrum collected for the chalcopyrite sample in solution at pH 9 and 0V 
with 1X10-3M potassium ethyl xanthate with silver colloid added to the chalcopyrite mineral 
surface to enhance the amount of Raman scattered light seen. 
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Appendix E: Submitted Paper 
Xanthate Chemisorption at Copper and Chalcopyrite Surfaces 
 
Jesse L. Bowden and Courtney A. Young*  
 
Metallurgical & Materials Engineering 
Montana Tech, Butte MT, 59701 USA 
 
*Corresponding author: cyoung@mtech.edu 
 
 
Cyclic Voltammetry experiments have been conducted on copper and 
chalcopyrite (CuFeS2) in the absence and presence of ethyl xanthate and 
compared to mass-balanced EH-pH diagrams. Results for copper duplicate 
what is found in the literature and confirm xanthate chemisorption.  However, 
for chalcopyrite, results indicate it oxidizes to chalcocite (Cu2S) and only 
afterwards is chemisorption observed due to small currents appearing with 
xanthate.  This phenomenon suggests the mineral's hydrophobicity is induced 
by more than dixanthogen and copper xanthate and was found to be pH-
dependent under a range of alkaline conditions (i.e., pH 7-11) at narrow 
potentials (i.e., 0 to -200 mV). An EH-pH diagram for chalcopyrite with 
xanthate is presented to illustrate conditions that it would be hydrophobic and 
thereby more thoroughly explain the results seen in the literature. 
 
 
Introduction 
 
Sulfide minerals are generally concentrated from ores by froth flotation, a physio-chemical 
process that induces separations based on differences in hydrophobicity. In this process, air is 
bubbled into a slurry and the minerals that are hydrophobic (water fearing) adhere to the air bubbles 
and float to the surface while the hydrophilic (water loving) minerals are left in the slurry. With 
sulfide minerals, the hydrophobicity is generally established in two ways.  First is by the addition 
of a collector which is a heteropolar molecule with a reactive inorganic head group and an inert 
organic tail.  Typically, the head group bonds with the sulfide mineral surface by adsorbing either 
chemically (chemisorption) or physically (physisorption) or by complexing with atoms that 
somewhat solubilize at the surface (surface precipitation).  These interactions leave the organic 
tail protruding from the mineral surface, thereby inducing its hydrophobicity.  Second is by 
oxidation of the mineral surface to form a layer that is metal-deficient/sulfide-rich or comprised of 
elemental sulfur.  Because the layers mimic naturally hydrophobic sulfur, it accounts for 
“collectorless” flotation.  More so, this oxidation phenomenon adds an electrochemical dimension 
to the understanding of sulfide mineral flotation. 
 
In this regard, the literature on sulfide mineral flotation abounds with studies conducted in 
the absence and presence of collector, typically involving electrochemical experiments such as 
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cyclic voltammetry, galvanostatic polarization, and impedance measurements coupled with 
thermodynamic speciation calculations typically plotted as EH-pH/Pourbaix diagrams.  Most 
studies involved xanthate as collector but have included, for example, mercaptans, 
mercaptobenzothiazoles, and dithiophosphates.  Many were also accompanied with analytical 
measurements involving various spectroscopic tools including but not limited to FTIR, Raman, 
XPS/ESCA, AFM, MLA/QEM-SEM and TofF-SIMS (Smart et al., 2014).  Although these studies 
have allowed the conditions under which sulfide minerals float to become better understood, there 
still remains inscrutability as to how the collectors interact with their surfaces.  Resulting “surface 
electrochemistry” knowledge collectively allows flotation separations of sulfide minerals to be 
made more efficiently and with improved selectivity. 
 
Typical copper sulfide minerals include covellite (CuS), chalcocite (Cu2S), chalcopyrite 
(CuFeS2), bornite (Cu5FeS4), enargite (Cu3AsS4), tennantite (Cu12AsS13) and tetrahedrite 
(Cu12SbS13).  Of these copper sulfide minerals, chalcopyrite is the most common.  Most studies 
involving its flotation were conducted with and without xanthate.  Results show distinctions 
between a chemisorbed layer and a secondary co-adsorbed layer of xanthate components 
corresponding to surface-precipitated copper xanthate and physisorbed dixanthogen (Leja, 1986).  
These species are respectively illustrated by the following reactions: 
 
 Cu+ + X−  ↔  CuX [1] 
 
 2X−  ↔  X2 + 2e–  [2] 
 
where X represents the xanthate molecule.  However, it has been debated whether there 
exists a region of chemisorbed xanthate (Suonine, 1993): 
 
 X−  ↔  Xads + e– [3] 
 
and whether the region results in an increased flotation recovery of chalcopyrite (Suonine, 
1993).  It is important to point out that the oxidation reactions leading to dixanthogen (Equation 
2) and chemisorbed xanthate (Equation 3) only increase the complexity of the surface 
electrochemistry involved. 
 
The purpose of this investigation was to study the surface electrochemistry of chalcopyrite 
in xanthate collector systems at various potentials and pH in hopes of observing xanthate 
chemisorption.  To do this effectively, it was felt that experiments with a known system should 
also be conducted and, in regard, copper was first investigated. 
 
 
Experimental  
 
Cyclic Voltammetry 
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Cyclic voltammetry (CV) experiments were conducted with an EG&G Princeton Applied 
Research 263A Potentiostat/Galvanostat.  A standard 3-electrode system was employed with the 
reference electrode being Ag/AgC and the counter electrode being graphite.  Working electrodes 
were made from either electrical grade copper wire or natural chalcopyrite sample from Butte, MT 
provided by the mineral museum at Montana Tech.  MLA/SEM revealed that the copper wire was 
pure and the chalcopyrite contained minor amounts of quartz inclusions not in excess of 5%.  All 
potentials are reported as SHE/EH potentials.  Typical scans in the absence of xanthate were 
initiated at 0 mV and scanned negatively to a lower potential of -1000 mV and then reversed 
positively to +1000 mV for as many as 6 cycles.  Copper voltammograms in the absence and 
presence of xanthate were initiated between -240 and -440 mV in increments of 25 mV, scanned 
negatively to a lower potential of -600 mV, and then positively to the final potential of -240 mV.  
Chalcopyrite voltammograms in the absence and presence of xanthate were restricted to -50 mV 
as the initial and upper potentials and -600 mV as the lower potential.  For all experiments, the 
initial potential was held constant for approximately five minutes and scan rates of 15 mV/s were 
used.  In addition, 1-L electrochemical cells were used with 500-mL solutions and 5-minute 
nitrogen purges. Solutions were buffered at pH values between 7 and 12. 
 
Materials 
 
Working electrodes were mounted in PVC tubing using epoxy and polished between CV 
scans using 400-grit paper.  To fit in the tubing, the copper wire was wound into a cylindrical 
shape and chalcopyrite was cut into approximate dimensions of 3x3x8 mm with the 3x3-mm face 
being the electrode surface.  Electrodag was used to connect the chalcopyrite to the wiring needed 
to bridge the circuit to the potentiostat.  The pH buffers were made from reagent grade chemicals 
of potassium and sodium phosphate as well as sodium carbonate and bicarbonate, all from Fischer 
Scientific.  Potassium ethyl xanthate (KEX) was formulated using potassium hydroxide, ethanol 
and carbon disulfide obtained from VWR following the procedure of Nedjar (2009).  
 
EH-pH Diagrams 
 
EH-pH diagrams were generated with StabCal (Huang, 2015; Gow et al., 2015) using 
thermodynamic data from Forssberg (1988) for copper/xanthate/water and 
chalcopyrite/xanthate/water systems. 
 
 
Results and Discussion 
 
Copper 
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Cyclic Voltammetry 
 
A typical CV for copper is shown in Figure 1.  In this example, results were obtained at pH 
9 and illustrate that copper oxidizes at approximately 0.0 V and again at 0.2 V as indicated by the 
increase in anodic current as the scan progresses from negative to positive voltage.  When these 
values are plotted as asterisks on the EH-pH diagram of Copper/Water system in Figure 2, it is 
clear that 0 V corresponds to Cu oxidation to CuOH (equivalent to Cu2O) and that 0.2 V correlates 
to CuOH oxidation to Cu(OH)2 (equivalent to CuO).  The dashed lines in the diagram illustrate 
the conditions where water is stable.  When this is repeated for the CVs determined at the other 
pHs, the other asterisks result and also compare quite well with the stability lines between the 
species on the EH-pH diagram.  Because of the good correlation between the thermodynamically-
predicted and experimentally-obtained results, it is concluded that the wire is an effective copper 
electrode. 
 
Figure 1: Cyclic voltammograms of copper at pH 9 without xanthate. 
 
Figure 2: EH-pH diagram of copper/water system with data points determined from cyclic voltammetry. 
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Chemisorption 
Woods, Young and Yoon (1990) developed a technique to calculate adsorption isotherms 
for chemisorbed xanthate on copper and chalcocite (Cu2S).  With this technique, they obtained 
CVs in the absence and presence of xanthate by holding the initial potential constant for five 
minutes and then collecting the CV.  Afterwards, the initial potential was incrementally changed 
until the complete range at which chemisorption occurred was covered and no change was 
observed between the tests performed with and without xanthate.  By integrating the area over 
which each CV covered and dividing by the scan rate, the charge passed for each CV was 
calculated.  Subtracting the charge without xanthate from the charge with xanthate at each potential 
yielded the charge caused solely by xanthate chemisorption.  When all charges were divided by 
the maximum charge obtained, chemisorption isotherms resulted with fractional surface coverage, 
θ, plotted as a function of potential. 
To validate the work of Woods, Young, and Yoon (1990) and simultaneously establish a 
procedure for testing on chalcopyrite, their technique was repeated herein for copper.  
Voltammograms are presented in Figure 3a without xanthate and Figure 3b with xanthate.  In 
Figure 3, the voltammograms determined with an initial potential of -0.44 V are the same, thereby 
explaining why no xanthate chemisorption was calculated at this potential (see Figure 4).  
Likewise, the voltammogram determined with an initial potential of -0.24 V in Figure 3b shows a 
second cathodic peak appearing near -0.60 V which is caused by the surface precipitation of copper 
xanthate (see Equation 1).  In this regard, it is concluded that xanthate chemisorption is maximum 
at -0.265 V and therefore yields complete monolayer coverage (i.e., θ = 1) at this potential.  
Likewise, the other voltammograms in Figure 3 yielded fractional coverages between these values 
(i.e., 0 < θ < 1). 
 
As with Woods, Young, and Yoon (1990), it is assumed the resulting chemisorption 
isotherm follows the Frumkin Equation in the form adopted by Shultze (1980):  
 
 [
𝜽
𝟏−𝜽
] 𝒆𝒈𝜽 = 𝑲𝒂𝑨𝒆
𝜸𝑭𝑬
𝑹𝑻⁄  [4] 
 
where θ is the fractional surface coverage, aA is the activity of the adsorbate, g and K are 
constants, and γ is the electrosorption valency.  Assuming the activity is equal to the xanthate 
concentration, [𝑿−], the following equation is determined: 
 
 [
𝜽
𝟏−𝜽
] = 𝟔. 𝟔𝟖 × 𝟏𝟎𝟏𝟏[𝑿−]𝒆
𝑬
𝟎.𝟎𝟐𝟓𝟕⁄  [5] 
 
which agrees well with the chemisorption isotherm determined by Woods, Young and 
Yoon (1990):  
 
 [
𝜽
𝟏−𝜽
] = 𝟓. 𝟑 × 𝟏𝟎𝟏𝟏[𝑿−]𝒆
𝑬
𝟎.𝟎𝟐𝟐⁄  [6] 
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Figure 3: Voltammograms of copper at pH 9 (a) without and (b) with 1E-4 M xanthate. 
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Figure 4: Chemisorption isotherms determined for copper at pH 9 with 1E-4 M xanthate in this investigation (a) 
compared to those similarly determined by Woods, Young, and Yoon (1990) on copper (b) and chalcocite (c). 
 
Chalcopyrite 
 
Cyclic Voltammetry 
An example CV for chalcopyrite in the absence of xanthate is shown in Figure 5.  In this 
case, results were obtained at pH 8 and the anodic portions show that chalcopyrite oxidizes at 
approximately -0.75, -0.05, 0.35 and 0.8 V.  When these values are plotted as plus signs on the EH-
pH diagram of chalcocite/water system in Figure 6, it is clear that the potentials correspond to 
oxidation of Cu to CuFeS2 to Cu2S to CuOH to Cu(OH)2, respectively.  Although there is more 
scatter with this data, they do match reasonably well with the thermodynamic calculations for the 
chalcopyrite/water system. 
 
 
Figure 5: Cyclic voltammograms of chalcopyrite at pH 8 in the absence of xanthate. 
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Figure 6: EH-pH diagram of chalcopyrite/water system with data points determined from cyclic voltammetry.  
Sulfide oxidation to elemental sulfur only (i.e., sulfoxy species are not considered). 
 
Because chalcocite is a product of chalcopyrite oxidation, it is reasonable to expect that 
xanthate chemisorption on chalcopyrite would occur in regions similar to copper and chalcocite 
(see Figure 4). Furthermore, because chalcopyrite/xanthate flotation is predominantly 
accomplished near pH 9, initial testing was done at pH 9 such that the starting potential was 
changed from 0 to -0.3 V in increments of 0.05 V until the reaction was no longer seen. It was 
determined that xanthate chemisorption was no longer observed at potentials below -0.25 V, the 
same potential shown in Figure 4 and observed by Young, Basilio, and Yoon (1991) for chalcocite 
(Cu2S) in a separate study.  However, an isotherm could not be ascertained because the results 
appeared to depend on the amount of chalcocite that formed prior.  Similar tests were repeated at 
pH 7 and 11 but in these cases no chemisorption was observed. 
Rather than incremently change the initial potential, tests were repeated at a single initial 
potential of -50 mV.  A lower potential of -600 mV was used to insure the charge due to xanthate 
chemisorption could be determined.  Results in the absence and presence of xanthate for the three 
pHs of 7, 9 and 11 are shown in Figure 7a-c, respectively.  Results for pH 7 and 11 clearly show 
that the CV with and without xanthate are the same, illustrating that xanthate chemisorption is 
indeed absent.  However, at pH 9, there appears to be significant current flow in both the absence 
and presence of xanthate.  According to the EH-pH  diagram in Figure 8, at -0.05 V, CuFeS2 is 
stable at pH 7 (so no current was observed), Cu2S is stable at pH 9 (so current was observed), and 
CuOH is stable at pH 11 (so no current was observed). Clearly, xanthate chemisorption does not 
occur on CuFeS2 and CuOH but does occur on Cu2S, even if it is an oxidation product of 
chalcopyrite.  This suggests that chalcopyrite flotation can be attributed to dixnthogen and copper 
xanthate surface precipitate as well as chemisorbed xanthate.  
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Figure 7: Voltammograms of chalcopyrite at (a) pH 7, (b) pH 9 and (c) pH 11 with and without 1E-4 M xanthate. 
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Figure 8: EH-pH diagram of chalcopyrite/xanthate/water system as concluded in this investigation where grey 
indicates regions of CuX formation and green indicates regions of chemisorbed xanthate. 
 
Chemisorption 
The collectorless flotation of chalcopyrite can be attributed to elemental sulfur formation 
and is depicted by the following reaction which also yields chalcocite: 
 
 𝟐𝑪𝒖𝑭𝒆𝑺𝟐 + 𝟔𝑯𝟐𝑶 ↔  𝑪𝒖𝟐𝑺 + 𝟑𝑺
° + 𝟐𝑭𝒆(𝑶𝑯)𝟑 + 𝟔𝑯
+ + 𝟔𝒆− [7] 
 
In order to estimate the charge passed by this reaction, the CVs without xanthate in Figures 
7a and 7b are integrated and divided by the scan rate.  Because the charge passed in Figure 7a did 
not change with xanthate, it is assumed that it emanates from IR drop and is the same as that passed 
in Figure 7b without xanthate.  The difference between the two therefore yields the charge passed 
due soley to chalcocite formation.  Based on the molar charge of electrons being 9.65x104 
Coulombs and the reaction producing six moles of electrons, an estimated 1.95x10-9 moles of 
chalcocite form.  Likewise, the difference in charges determined for the two CVs in Figure 7b 
yields the charged passed due soley to xanthate chemisorption on the resulting chalcocite.  In this 
regard, an estimated 7.98x10-10 moles of chemisorbed xanthate formed. According to the Liu 
(2014), the area of surface that is accessible for intermolecular contact in the S-S atoms of a 
xanthate xanthate molecules is 19.2 Å2.  In a Cu2S lattice, there is approximately one Cu atom per 
9 Å2. As per the studies performed by Evans, 1979. From this data, the surface area of the Cu2S 
available for adsorption was found to be 2.11 X 10-4  m2 and the surface area of xanthate formed 
was found to be 9.23 X 10-5 m2. By dividing the amount of chemisorbed xanthate by the amout of 
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Cu2S formed, a surface coverage of over 40% is calculated.  Because Woods, Yoon and Young 
(1990) noted that 20% coverages yielded 50% chalcocite recoveries and 50% coverages yielded 
90% chalcocite recoveries, a 40% coverage would be adequate to yield a high recovery. 
 
Conclusions 
Although there is knowledge that xanthate can be used to increase the flotation recovery of 
chalcopyrite there is still uncertainty as to the exact nature of the surface chemistry and to all the 
areas that xanthate might be interacting with the chalcopyrite surface. This research shows 
evidence that the chemisorption of xanthate onto a chalcopyrite surface will occur in regions were 
Cu2S have formed on the chalcopyrite surface. At pH 9 it was shown that this reaction occurs near 
-0.25 V versus SHE.  
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